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INTRODUCTION

1. INTRODUCTION

The purpose of this study, entitled Guardrail Testing Program,
was to survey, analyze, design, and test the common longitudinal
barrier systems deployed by the National Park Service (NPS)
throughout the United States. The following is a breakdown of
the contract objectives.

] Survey (Task A) - Conduct a survey of the prevalent NPS
longitudinal barrier systems within the Eastern,
Central, and Western Federal Lands Highway Divisions
(EFLHD, CFLHD, and WFLHD) of the Federal Highway
Administration (FHWA).

| Analysis (Task B) - Perform analysis of vehicle/barrier
interaction including computer analysis and pendulum
tests.

[ Barrier Design (Task C) - Design longitudinal barrier

hardware, components, and layout, as required.

] Test Program Development (Task D) - Prepare and submit
a test plan for the contract.

| Full-Scale Tests (Task E) - Conduct the full-scale
crash tests into the selected barriers of interest.

Five sections describe tasks A through E. The task E section
discusses each test in detail. The last two sections of the
report contain conclusions and recommendations, which summarize
the results of this research project. This report follows the
task outline of the project. The remainder of the introduction
discusses the background and possible test criteria for the
evaluation of park barrier systems.

2. BACKGROUND

Most park roads and parkways were not intended to carry high-
speed and high-volume traffic; their geometric layout and
standard of construction cannot be compared with Interstate-type
highways. Factors such as park terrain, aesthetics and ecology
often took higher priority over safety during original design
considerations. Traffic in national parks and on park lands has
increased considerably over the years. Though not by design,
many parkways near major metropolitan areas have been transformed
into main traffic arteries. While research and legislation have
established a comprehensive set of standards to make the Nation’s
highways safer for drivers, safety provisions on park roads and
parkways continue to lag behind. This project represents part of
a concerted effort by the NPS and the FHWA to improve the safety
performance of park road and parkway appurtenances without



sacrificing their aesthetic effect.

The absence of standardization has resulted in many different
designs and practices depending on regional conditions and local
preferences. These designs can be generically divided into
timber construction and masonry construction. The masonry finish
could be of smooth or rough stone. Timber guardrails may or may
not have steel reinforcement and they employ a variety of post
and joint designs. Many types of terminal designs are also used
with the guardrails.

3. TEST CRITERIA FOR PARK ROADS AND PARKWAYS
a. General Description

The test criteria for park roads and parkways were developed
using the inputs from the project work and NCHRP 230. 1In
general, NCHRP 230 presents a good set of test conditions for
evaluating these railing systems. The approach stated in this
discussion is to use the NCHRP 230 tests as a baseline and to add
supplemental tests, as needed.

The park road environment, as discussed above, presents an unique
set of potential accident scenarios, along with an unusual set of
roads and vehicle mix not seen in the same ratios as on the major
highways. The following sections discuss some of the
considerations which were used when developing test criteria.

(1). Impact Angle

The park roads and parkways are comprised of two distinct sets of
roadways. One set is made up of urban highways, such as the
Baltimore-Washington Parkway and the George Washington (GW)
Parkway, which are used as commuter highways and have speed
limits as high as 55 mi/h (24.6 m/s). The other set is the
traditional set of roadways which come to mind when thinking of
U. S. parks. These are comprised of curving, scenic roads with
lower speed limits.

On the first set of roadways impact angles are typical of those
seen on the Nation’s Interstate freeways. But with the second
set, winding roads can lead to the potential of very high impact
angles. For example, a driver could loose control on a sharp
curve, go straight across the road and impact the barrier at 30,
40, or even 45 degrees. For this reason higher impact angles
should be explored.

(2). Impact Speed

Except for those roadways which are used as major commuting
routes, vehicle speed on the parkway system is lower than that of
the general freeway system. This comes about because of lower
speed limits, as well as the plain fact that vehicles travel
slower on curved, hilly scenic roads and heavy vehicles travel




slower. Of course, barrier systems could be built which would
redirect vehicles at any speed, but the cost grows very rapidly
and thus; a tradeoff is required.

As part of this project, vehicle speed data was determined for
some of the parkways. The speed limit and 85th percentile speeds
are reported in the next section, Task A - Survey. Reviewing
this data it can be seen that maximum speed limits vary from 35
to 55 mi/h (15.6 to 24.6 m/s), with the average being 45 to 50
mi/h (20.1 to 22.4 m/s). This is considerably lower than the
national speed limit of 55 mi/h (24.6 m/s) or 65 mi/h (29.1 m/s)
on Interstate highways. The actual speed, as measured using the
85th percentile speed, shows lower speeds on roads where the
speed limits are lower. The test criteria should include impact
speeds at least as high as the 85th percentile speeds.

(3). Vehicle Size and Weight

The initial approach should be to use the current and established
test vehicle weight classes to evaluate park barriers from NCHRP
230. These include 1800-1b (817-kg) and 4500-1b (2043-Kkg)
vehicles. On the other hand, the unusual park vehicle population
dictates that considerations be made for heavier and larger
vehicles, i.e. trucks, overloaded station wagons, and
campers/motor homes/recreation vehicles (RVs).

A summary for several parks of the vehicle mix is presented in
subsection 2 of the next section. The average daily traffic
(ADT) range and mix of vehicle classes is also presented.
Considered were passenger vehicles, RVs, vehicles with trailers,
and buses and trucks. With the exception of the commuter highway
(GW Parkway), the vehicle mix is highly populated with non-
passenger vehicles (11 to 17 percent).

b. Test Criteria

The test types specified in NCHRP 230 are divided into two
categories for longitudinal barriers: 1) the standard minimum
matrix and 2) typical supplemental tests. The following is a
discussion of the standard test types.

Test 10: 45008, 60 mis/h, 25 degrees (2043 kg, 26.8 m/s)

This test is the standard strength test of a barrier

installation. It determines the barriers ability to
redirect a large sedan vehicle smoothly without vaulting or
snagging.

Test 11: 22508, 60 mi/h, 15 degrees (1022 Kg, 26.8 m/s)

This test has been replaced with test 12.



Test 12: 1800S, 60 mi/h, 15 degrees (817 kg, 26.8 m/s)

This test determines occupant risk during the crash event.
The vehicle must remain upright and be smoothly redirected
without snagging or pocketing.

There are nine supplementary tests described in NCHRP 230. They
include variations on the standard tests as well as tests using
larger vehicles, ranging in weight from 20000 1lb to 80000 lb
(9080 kg to 36320 kg). The following is a discussion of the part
of these tests which pertain to park type rails.

Test S13: 1800S, 60 mi/h, 20 degrees (817 kg, 26.8 m/s)

This test is similar to test 12 with the impact angle
increased to 20 degrees. This test determined the potential
for wheel snag and pocketing of the small vehicle. To be
acceptable, the vehicle should be smoothly redirected
without snagging or pocketing. Also, the vehicle would
remain upright, and post-collision trajectory should not
produce a hazard.

Test S14: 4500, 60 mi/h, 15 degrees (2043 kg, 26.8 m/s)

This test is similar to test 10 with the impact angle
reduced to 15 degrees. Its primary purpose is to evaluate
multiple service level (MSL) 1 systems which are used in low
traffic volume roadways. This test could be used to
evaluate low performance park rails.

Test S15: 40000P, 60 mi/h, 15 degrees (18160 kg, 26.8 m/s)

This test uses a 40000-1lb (18160-kg) intercity bus to impact
a railing system. It is intended to evaluate the strength
of a MSL 3 railing system. The performance should be
similar to test 10. These railings are intended for high
traffic volume roads and/or roads where there are higher
percentages of heavy vehicles.

Test S16: 20000P, 45 mi/h, 7 degrees (9080 kg, 20.1 m/s)

This test is a low impact severity test with a large vehicle
(20000-1b (9080-kg) school bus). It is designed to test MSL
1 railings.

Test S19: 32000P, 60 mi/h, 15 degrees (14528 kg, 26.8 m/s)

This test is between test S18 and S15 in impact severity.
It uses a small intercity bus as the test vehicle.




Test S20: 80000A, 50 mi/h, 15 degrees (36320 kg, 22.4 m/s)
Test S21: 80000F, 50 mi/h, 15 degrees (36320 kg, 22.4 m/s)

These tests are designed to be used to test railings which
are installed in special site locations where containment of
heavy trucks is absolutely required.

As can be seen, a wide variety of tests are available for
selection for evaluating the parkway barriers. The need for
containment of large trucks is probably of low priority on
parkways. However, the need for protection of vehicles from
intercity buses to mini-sized vehicles is required, with bus
protection needed in special site locations, and passenger
vehicle protection needed throughout the parkway system. It can
also be seen that NCHRP 230 provides for various service level
application railing systems.

Areas of concern in the parkway system are: 1) lower impact
speeds, 2) higher possible impact angles at special site
locations, and 3) new vehicle mix. Lower impact speeds can be
accommodated with NCHRP 230 by testing at a lower MSL, such as
MSL 1 type tests. The higher impact angles are most likely
associated with lower speeds, such as vehicles traversing
switchback turns or other curves. 1In these cases, tests with
higher impact angles should be combined with lower impact speeds.
To obtain the mix of test vehicles, at least 2 and maybe 3 test
vehicles need to be added. These include: 1) RVs, 2) truck/car
with pull behind camper combinations, and 3) trucks with higher
centers of gravity.

Table 1 lists the parkway supplemental (PS) tests that could be
added to the NCHRP 230 test matrix in order to fully cover the
park road environment.

Table 1. Parkway supplemental test matrix.

Vehicle Speed Angle
Test Type Type (mi/h) (degrees) Location
PS1 45008 45 45 midspan @ splice
PS2 1800S 45 45 midspan @ splice
PS3 10000RV 50 15 midspan @ splice
PS4 10000RV 60 15 midspan @ splice
PS5 15000C 40 15 midspan @ splice
PS6 15000C 40 15 midspan @ splice
PS7 54007 60 25 midspan @ splice
PS8 5400T 60 15 midspan @ splice
Key: S = Sedan, RV = Recreational Vehicle, C = Combination of

pickup truck and travel trailer, T = High center of gravity
pickup truck

1 mi/h = 0.45 m/s



Tests PS1 and PS2 are for the evaluation of rail systems where
high impact angles might occur at lower speeds. Smooth
redirection would be the design goal. Tests PS3 and PS4 are two
service level tests with RV-type vehicles. The highest speed and
angle were selected to be in concert with NCHRP 230 speeds. In
these tests, smooth redirection without overturn would be the
design goal. Occupant injury would also be evaluated. Tests PS5
and PS6 are the tests of the combination unit consisting of a
3/4-ton (681-kg) pickup pulling a trailer. These tests would
evaluate the smooth redirection capabilities of a combination-
type test vehicle. The two test speeds of 40 and 50 mi/h (17.9
and 22.4 m/s) were selected because these vehicle types tend to
travel more slowly. An additional test could be added for a 60-
mi/h (26.8-m/s) impact. The last two tests (PS7 and PS8) are
high center of gravity, 3/4-ton (681-kg) pickup truck tests.
These vehicles consist of two major groups, the recreational type
with big tires and high mounted chassis and the standard type
trucks with high mounted loads such as a camper. The speed was
selected to be in concert with NCHRP 230 tests 10 and S14 which
represent two service levels.




TASK A - SURVEY

Under this task, the contractor conducted a survey to determine
the different types of longitudinal barriers and barrier designs
currently in use on park roads and parkways, as well as the
designs planned for future use. The survey consisted of visits
to each of the FHWA Federal Lands Highway Division headquarters.
In addition to the barrier information data, limited information
concerning vehicle mix and accident statistics was also
collected. This section provides a summary of the survey
results.

1. LONGITUDINAL BARRIERS/BARRIER DESIGNS

To accurately collect information nationwide, visits were made to
the Denver Service Center (DSC) of the NPS and to each of the
FHWA Federal Lands Highway Divisions. The principal investigator
met with FHWA personnel in each Division to review the road
inspection program (RIP), the NPS photolog system, and FHWA
contract plans. Key contacts within each division are listed in
table 2.

Table 2. FHWA and NPS contact personnel by division.

Division Survey Date Contacts

EFLHD 2/11-12/88 A. Teikari
C. Conner
T. Welch

Samuelson
Cushing
Nestel

CFLHD 3/19-20/88

Wassill
Stockman
O’Brien
Moss

WFLHD 2/19-20/88

pllwih =] o> o llVp

g

DSC 3/23/88 Straughan

The barrier survey divided NPS longitudinal barriers into generic
groups, such as wooden, steel, stone, concrete, etc.. A survey
data sheet was developed and distributed to each survey location
prior to the arrival of the contractor. The parameters collected
fully document the geometry, construction, location, amount in
use, aesthetic rating, and maintainability of a representative
sample of each barrier installation within each park.

The procedure to summarize the type and amount of barriers within
each division consisted of the following:

| Review RIP reports to collect statistics on each park
within each region.



[ | Review NPS photolog system to verify RIP data and to
collect data for parks missing RIP data.

[ Meet with Division engineers to confirm results and to
collect additional data not documented in the said
sources.

] Review contract plans for the last 5 years to collect

data for recent installations and to document the
future plans within each Federal lands highway
division.

Table 3 provides a statistical summary of the barrier systems
that exist within NPS parks and park responsibilities. Overall,
NPS includes 242 parks/national historic sites, 8086 road miles
(13010374 m), and 300 barrier miles (482700 m) (3.7 percent of
the road miles). The primary barrier systems used are wood with
steel backed guardrail, W-beam guardrail, and rough stone
guardwall.

Table 3. National Park Service guardrail/guardwall summary.

FHWA Division EFLHD CFLHD WFLHD Total
Number of Parks 127 94 21 242
Road Miles 2733 3944 1409 8086

Guardrail Systems

Concrete 1 4] 0 1
Wood without Steel 54 1 14 69
Timber and Steel 6 0 0 6
Steel 16 28 43 86
Wire and Post 0] 0 2 3
Guardwall Systems

0ld 38 9 20 68
Rough Stone Masonry 20 2 0 22
Smooth Stone Masonry 0 0 0 0
Guide Rail Systems

Stone Fence 8 0 0 8
Spaced Stone 35 1 2 38
TOTAL 178 41 81 301

1 mi/h = 0.45 m/s




a. Eastern Federal Lands Highway Division

EFLHD parks contain the highest percentage (6.5 percent) of
barrier miles of the three Divisions. This is due to the rolling
nature of the east coast and the high-speed requirements of the
Nation’s capital parkways. The primary barrier systems currently
used by EFLHD are timber with steel-backed guardrail, W-beam with
timber post guardrail, and stone masonry guardwall. The primary
parks of this region are the George Washington Parkway,
Shenandoah National Park, Baltimore-Washington Parkway, Blue
Ridge Parkway, and Great Smokey Mountain Park.

b. Central Federal Lands Highway Division

Due to the geography and low ADT levels within CFLHD, the
percentage of barrier installations (1 percent) is well below the
other two Divisions. The primary barrier systems are galvanized
and COR-TEN W-beam with timber post guardrails and stone masonry
guardwall.

c. Western Federal Lands Highway Division

In the WFLHD, the percentage of barrier installation, (5.8
percent) is similar to EFLHD. The primary barrier systems used
or forecast for use by WFLHD are COR-TEN W-beam with wood post
guardrail, blocked-out timber or log with steel backed guardrail,
removable timber guardrail with steel post, and stone
parapet/retaining wall. The primary parks of this region are
Glacier National, Yellowstone, Grand Teton, Mount Rainer, and
Olympic National.

2. VEHICLE MIX

During the visit to the DSC, traffic engineering safety studies
of seven major NPS parks were retrieved. These studies were
conducted between 1979 and 1983 by consulting contractors. In
recommending traffic safety improvements, each study performed
accident analysis and traffic operations and safety assessment.
Table 4 summarizes the key findings of vehicle classification,
accident data, and traffic characteristics of these parks.

In summary, the vehicle classification mix for the seven parks
was determined to be:

89.8 percent passenger cars and motorcycles
4.3 percent recreation vehicles

4.4 percent vehicles with trailers

1.5 percent buses and trucks

The percentage of vehicle accidents is closely related to the
vehicle mix.



Table 4. Traffic engineering safety study summary.

GW Grand Lake Sequoia Chickamauga/
Park Parkway Teton Mead Yosemite Yellowstone Kings Canyon Chattanooga
Location VA,MD,DC WY AZ, NV CA WY CA TN, GA
Posted Speeds (mi/h) 40-50 15-55 15-50 25-35 15-55 25-45 25-45
ADT 3500- 300- 40- 1000- 1000- 600- 400-
41000 3100 1500 5500 5500 2600 12400

Vehicle Classification (percent) Average
Car & Motorcycle 100.0 86.0 83.0 88.6 89.1 92.0 n/a 89.8
RV - 4.7 3.7 5.7 7.3 4.6 n/a 4.3
Vehicle with

Trailer - 7.0 13.3 2.9 2.8 2.8 n/a 4.4
Buses and Trucks - 2.3 n/a 3.8 0.8 0.5 n/a 1.5
Accident Data
Number Per Year 683 169 159 493 476 135 51 311
Percent Fixed Object 16.5 17.5 n/a 7.0 n/a n/a 25.0 14.6
Percent Day 75 90 77 79 78 75 74 78
Percent Dry 72 85 95 67 84 85 86 82
Percent Car 100 81 n/a 85 77 86 96 88
Percent RV,

Truck or Bus - 15 n/a 10 12 10 2 8
Percent Motorcycle - 4 n/a 5 6 4 2 4

1 mi/h = 0.45 m/s
3. SPEED/ACCIDENT RESULTS

The results of the traffic safety studies of speed are shown in
table 5.

Table 5. Traffic engineering speed study summary.

Maximum Posted 85th Percentile
Park Speed (mi/h) Speed (mi/h)
GW Parkway 50 65
Grand Teton 55 61
Lake Mead 50 60
Yosemite 35 49
Yellowstone 45 . 56
Sequoia/Kings Canyon 45 51

1 mi/h = 0.45 m/s

This indicates that within some parks the design speeds (85th
percentile) range from 5 to 15 mi/h (2.2 to 6.7 m/s) in excess of
the posted speeds. In addition, the design speeds within three
of the six listed parks were at multiple service level two
conditions, i.e. 60 mi/h (26.8 m/s).
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A computerized accident data base exists within the National
Capitol Region according to five classes of accidents: other
vehicle, fixed objects, pedestrian, non-collision, and other.
Unfortunately, the database does not contain impact speed, impact
angle, fixed object type, and vehicle type. Thus, the data base
has little value to the study other than general information
concerning light conditions, weather conditions, and
fatality/injury information.

11



TASK B - ANALYSIS

The purpose of the analysis task was to provide analytical
insight into the test criteria and test conditions that will make
up the full-scale crash tests of task E. Analysis was performed
in the following areas: vehicle rollover analysis, barrier
structural analysis, and pendulum tests. This section documents
the findings of task B.

1. VEHICLE ROLLOVER ANALYSIS

Analysis of vehicle rollover was performed for five typical
longitudinal barrier systems and the seven vehicle types referred
to in NCHRP 230. The five barrier systems consisted of a
standard W-beam rail, a standard thrie beam rail, a stone masonry
guardwall, the EFLHD timber guardrail, and an old version of the
timber rail system. This overturn analysis was performed on an
IBM PC using a 60 mi/h (26.8 m/s), 15 degree impact and a 5
degree redirection as the test conditions.

The rollover analysis was performed using a Lotus 1-2-3
worksheet. Using a simple approach, the rollover impulse during
an impact was compared to the inertial stability of the vehicle.
The rollover impulse was derived by computing the lateral change
in momentum from the impact multiplied by the vertical lever arm.
The lever arm was determined by the difference in vehicle center
of gravity (cg) height and the effective height of the barrier
being impacted. For example if the vehicle had a cg height of 30
in (0.76 m) and the barriers effective height was 27 in (0.69 m)
then the lever arm would be 3 in (0.08 m). The lever arm for a
vehicle with a lower cg than the barrier was considered zero, and
the potential for rollover was not considered.

The impulse into the vehicle causes the vehicle to roll toward
the loaded side. The major force which tends to keep the vehicle
stable is the force of gravity. The amount of energy required to
raise the vehicle to a roll angle where the cg was above the
pivot point was computed. This is considered the critical roll
angle. The impulse applied to the vehicle during the crash was
compared to the energy required to obtain the critical roll
angle. If the impulse was greater, then rollover was assumed,
and vice versa, if the impulse was lower, then the vehicle was
assured to right itself. In the latter case, the barrier was
assumed to have appropriate height for the impacting vehicle.
This analysis procedure is presented in appendix A.

The five barrier systems are discussed below.

Standard W-beam Guardrail

The standard W-beam guardrail consisted of a W6x9 steel post
and blockout with the W-beam mounted at 27 in (0.69 m). The
post spacing was assumed to be 6 ft, 3 in (1.9 m).

12
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Standard Thrie Beam Guardrail

This rail uses a standard thrie beam rail section mounted at
32 in (0.81 m). The posts, blockouts and post spacing are
similar to the W-beam guardrail.

Stone Masonry Guardwall

The stone masonry guardwall system consists of a concrete T-
shaped core set on a gravel fill, covered with a masonry
face. Full width coping stones cover the top. The height
to the top of the coping stones is 27 in (0.69 m).

Blocked-out, Steel-backed Timber Guardrail

This system consists of 10-in by 12-in by 7-ft (0.25-m by
0.30-m by 2.1-m) posts and 6-in by 10-in (0.15-m by 0.25-m)
rails. The rails are backed with a 6-in by 0.375-in (0.15-m
by 0.010-m) steel plate. The post spacing is 10 ft (3.0 m).
A 4-in (0.10-m) blockout is installed between the rail and
the post. The mounting height of the wooden rail is 27 in
(0.69 m).

Timber Guardrail, old type

In this system, 5-ft, 8-in long by 10-in by 12-in (1.73-m
long by 0.25-m by 0.30-m) posts are used to hold up a wooden
rail. There are no blockouts or steel backing plates. The
mounting height is 20 in (0.51 m).

Table 6 presents a summary of the model results. Overall, for
the given test conditions, it can be seen that the three
passenger vehicles types are safe for all barrier systems listed
while the buses and tractor/trailers are unsafe for most of the
systems. ‘

2. LONGITUDINAL STRENGTH OF GUARDRAIL SYSTEMS

Design guidelines for guardrail systems required that they should
withstand 50 kip (222500 N) tensile loadings in the longitudinal
direction. Analysis of three current NPS guardrail systems in
use or under design was performed according to the strength of
the rail/splice plates and the bolted connections. The three
guardrail systems evaluated are the timber with steel backed
system used by EFLHD, the blocked-out and redesigned timber with
steel-backed system proposed by WFLHD, and the log with steel-
backed system proposed by WFLHD. Table 7 presents a summary of
the results of this analysis.

In summary, the EFLHD timber system does not have adequate
tensile strength in the longitudinal direction. The WFLHD timer
system has adequate tensile strength, and most of the elements of
the WFLHD log system have adequate tensile strength. To increase
the tensile strength of the EFLHD system, the thickness of the
splice plate should be increased to 0.375 in (0.010 m). The
number of bolts should be increased by two, i.e. changed to four
0.75-in (0.019-m) bolts. The WFLHD log system would have
adequate tensile strength if the thickness of the rail element is

13



Table 6. Rollover analysis results.

std Timber
Std Thrie Stone Steel 0ld Type
W-Beam Beam Masonry Blocked-out Timber
Mounting Height (in) 27 32 27 27 20
Effective Height (in) 24 29 27 26 17

Vehicle Type

1,800-1b ok ok ok ok ok
2,250-1b ok ok ok ok ok
4,500-1b ok ok ok ok ok
20000~-1b roll ok ok roll roll
32000-1b roll roll roll roll roll
40000-1b roll roll roll roll roll
80000-1Db roll roll roll roll roll
14in=0.03m 1 lb = 0.45 kg
Table 7. Barrier system analysis results.

EFLHD Timber WFLHD Timber WFLHD Log

Rail Strength acc acc acc
Splice Strength acc acc acc
Bolt Bearing Failure unacc acc acc
Bearing Failure of Rail unacc acc unacc
Bearing Failure of Splice unacc acc acc
Shear of Bolts unacc acc acc
Tear Out acc acc acc

acc = acceptable strength capability, unacc = system has weak
link and should be reviewed in the appropriate area

increased from 0.3125 in (0.008 m) to 0.375 in (0.010 m). This
analysis is presented in appendix B.

3. PENDULUM TESTS

To test the bending strength of NPS timber posts, three pendulum
tests were conducted at the FHWA pendulum facility located at the
Turner-Fairbank Highway Research Center in McLean, VA. Timber
posts 10 in by 8 in (0.25 m by 0.20 m) were installed in
compacted strong soil at the break point of a 1.5:1 foreslope.
The first test had a post embedment depth of 42 in (1.07 m)
(standard design) while the second test had a post embedment
depth of 52 in (1.32 m). The third test was conducted with the
same conditions as the first test to confirm the results. The
posts were oriented with the impact against the 10-in (0.25-m)
face. All tests were conducted using a 2250-1b (1022-kg) mass
with minicompact sedan crush characteristics, at 20 mi/h (8.9

14




e .-

m/s). This corresponds to an impact severity of 30.1 kip-ft
(40786 N-m), which is slightly higher than the impact severity
level of an NCHRP type S13 test (Honda Civic, 60 mi/h (26.8 m/s),
20 degrees).

Results of these tests showed that the posts in tests 1 and 3
pushed away at 45 degrees while the post in test 2 broke away 20
in (0.51 m) below the ground level. The test 2 break occurred
close to the theoretical location of the maximum moment. This
occurs at the 3/8 embedment point or 19.5 in (0.50 m) below grade
for this installation. Figure 1 is a force-displacement plot of
the three tests. This was produced by instrumenting the posts
with displacement transducers to measure the post movement at
ground level and the pendulum with an accelerometer which was
multiplied by the weight to obtain force. Other test equipment
used during the test included a high-speed movie camera.

Pendulum test results indicated three key findings. First,
increasing the post embedment depth by 10 in (0.25 m) (24
percent) increased the maximum force from 15.5 kips (68975 N) to
21 kips (93450 N), a 35 percent increase. This more fully
utilizes the strength of the post/soil system. Secondly, the
Douglas Fir used in test 1 and the Southern Pine used in test 3
had nearly identical results. A grading analysis of the two
posts indicated that they were both Number 1 dense stress-rated.
Analysis was performed using the maximum load on the post and its
physical properties. Using MC/I calculations for bending stress,
the maximum bending stress for the broken post was calculated to
be approximately 8000 1lb/in? (55120 kPa). This is in excess of
the allowable stress of 1750 1lb/in? (12058 kPa) given in the
Grader’s Manual, Southern Pine Inspection Bureau, 1977 Edition.(M
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TASK C - BARRIER DESIGN

This task improved barrier performance through redesign efforts.
The systems redesigned included the timber guardrail system, the
stone masonry guardwall system and the log guardrail system.
This section summarizes these design efforts for each system.

1. TIMBER GUARDRAIL SYSTEM

The timber guardrail system is described in the test program
development section. It consists of blocked-out timber rails
reinforced with steel backing and held up by timber posts. This
section presents various design concepts viewed for potential
application to this system.

a. Effects of Post Cross Section Reduction

The WFLHD redesign of the steel-backed timber guardrail system
included a reduction in the post size from a 12-in by 10-in
(0.30-m by 0.25-m) cross section to a 10-in by 8-in (0.25-m by
0.20-m) cross section. The following documents the effect of
reducing post size on bending stress and shear stress. Figure 2
shows front and top views of a standard post installation.
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2] "':":‘-\ +
VDo . Ic
b Grade R
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1 in=0.03m
Figure 2. Standard post installation.

The following is a comparison and analysis of the cross section
for the timber posts.

The area for each post is:

Areajp, 10 = (a)(b) (12) (10) 120 in? (0.077 m?)

(a) (b)

Areajg,s (10) (8) 80 in® (0.052 m?)
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The distance from the neutral axis to the outer fiber (c) is:

C12,10 = 5 in (0.13 m)

c10,8 4 in (0.10 m)

The area moment of inertia for each post is:

1000 in* (0.00042 m#*)

I12,10 = {5 (3)(B)3 = & (12) (10)°

427 in* (0.00018 m*)

1 3 - 1 3
I = b = = (10) (8
10,8 ip (8)(P) iy (10)(8)
The bending stresses are:

where Moment = (Force) (Lever Arm) = (F) (21+16)

Mc _ (F)(37)(5) .

Bending Stress = = = (F) (0.185
12,10 = 75 1000
Bending Stressjig,g = %S = (F ;g@ 4) = (F)(0.347)

The ratio of bending stresses for the two posts is:

Bending Stress

10,8 _ (F)(0.347) _ q1_g7
Bending Stress (F) (0.185)
12,10

Thus, under the same loading, the 10-in by 8-in (0.25-m by 0.20-
m) post experiences bending stresses 87 percent higher than the
12-in by 10-in (0.30-m by 0.25-m) post.

The shear stresses for the two posts are:

Shear Stressjip, 10 = % = ]igé)
Shear Stressjg,g = % - _éggr

The ratio of shear stresses is:

Shear Stress
10,8 _ (F)/(80) _ 1.50

Shear Stresslz,lo (F)/(120)
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Thus, under the same loading, the 10-in by 8-in (0.25-m by 0.20-
m) post experiences shear stresses 50 percent higher than the 12-
in by 10-in (0.30-m by 0.25-m) post.

It should be noted that these comparisons are only a relative
assessment of the strengths of the two posts under similar
loadings. Depending upon the post spacing and the post embedment
depth, the increased capacity of the larger post may, or may not,
be needed to have the guardrail redirect an errant vehicle. The
8-in by 10-in (0.20-m by 0.25-m) post was used by WFLHD for the
initial design for aesthetic considerations, and because this
post size would result in a 33 percent cost saving over the 10-in
by 12-in (0.25-m by 0.30-m) post. The full-scale test showed
that the larger post size was necessary.

b. Effects of Soil Plates on Post Deflection

In a previously conducted study, a series of 15 and 20 mi/h (6.7
and 8.9 m/s) pendulum tests on standard 6-in (0.15-m) I-beam
posts with and without soil plates was conducted.( The
following summarizes the results of these tests in two
discussions.

(1). Level Ground Pendulum Tests

Three 15 mi/h (6.7 m/s) pendulum tests were conducted. The test
conditions were:

[ | 6-ft post (1.8-m), level ground, 44-in (1.12-m)
embedment depth, 8-in high by 8-in wide (0.20-m by
0.20-m) soil plate located 2 in (0.05 m) below grade,
Virginia 21A soil (NCHRP 230 S-1 soil), FHWA FOIL test
number 86P043,

[ | 6-ft post (1.8-m), level ground, 44-in (1.12-m)
embedment depth, 12-in high by 8-in wide (0.30-m by
0.20-m) soil plate located 2 in (0.05 m) below grade,
Virginia 21A soil, FHWA FOIL test number 86P044, and

] 6-ft post (1.8-m), level ground, 44-in (1.12-m)
embedment depth, 8-in high by 12-in wide (0.20-m by
0.30-m) soil plate located 2 in (0.05 m) below grade,
Virginia 21A soil, FHWA FOIL test number 86P045.

All test conditions were the same except the size and orientation
of the 0.375-in (0.010-m) thick steel soil plates. The results
of the tests are shown in table 8. The impact severity of these
tests was 17.3 kip-ft (23442 N-m), less than the small car, 60
mi/h (26.8 m/s), 20 degree test specified in NCHRP 230.

The goal of barrier post design is to make a post that utilizes

the full strength of the soil/subgrade. 1In other words, the post
should bend or break just before pushing away through the soil.
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Table 8. 15 mi/h, soil plate pendulum tests.

Maximum Post Did the Max Post Peak

Deflection Post Angle Force
Test (in) Bend? (degrees) (kips)
8-in by 8-in soil 15.0 No 31 9.0
plate, FOIL 86P043
12-in by 8-in soil 15.0 No 34 9.6
plate, FOIL 86P044
8-in by 12-in soil 8.2 Yes 42 7.7

plate, FOIL 86P045
1in=0.03m 1 kip = 4450 N

Posts that push through the soil are generally over designed for
the soil conditions.

Based on the results of these tests, the following observations
can be made:

[ | The 8-in high by 12-in wide (0.20-m by 0.30-m) soil
plate was the best of the three since it caused minimum
deflection and the post bent.

u A properly oriented soil plate reduced post deflection
by as much as 6.8 in (0.17 m) or 45 percent.

[ Soil plates are more effective when oriented laterally.
This raises the centroid and the bearing area at the
centroid.

[ | Given the size of the timber posts in the NPS timber

guardrail system, larger soil plates are required.

(2). Foreslope Pendulum Tests

Five 20 mi/h (8.9 m/s) pendulum tests were conducted. The test
conditions were:

] 6-ft (1.8-m) post, level ground, 44-in (1.12-m)
embedment depth, no soil plate, Virginia 21A soil, FOIL
test number 87P079,

| 6-ft (1.8-m) post, at break of 1.5:1 foreslope, 44-in
(1.12-m) embedment depth, no soil plate, Virginia 21A
soil, FOIL test number 87P080,

| 6-ft (1.8-m) post, at break of 1.5:1 foreslope, 44-in
(1.12-m) embedment depth, 18-in high by 24-in wide by
0.25-in thick (0.46-m by 0.61-m by 0.006-m) soil plate
located 2 in (0.05 m) below grade, Virginia 21A soil,
FOIL test number 87P089,
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[ | 6-ft (1.8-m) post, 1 ft (0.30 m) from break of 1.5:1
foreslope, 44-in (1.12-m) embedment depth, Virginia 21A
soil, no soil plate, FOIL test number 87P083, and

u 7-ft (2.1-m) post, at break of 1.5:1 foreslope, 56-in
(1.42-m) embedment depth, Virginia 21A soil, no soil
plate, FOIL test number 87P081.

The soil and impact speed were the same but the test conditions,
post length and location varied. The soil plate used is a
standard breakaway cable terminal (BCT) soil plate. The impact
severity of these tests was 30.7 kip-ft (41599 N-m), which is
slightly higher than the small car, 60 mi/h (26.8 m/s), 20 degree
test specified in NCHRP 230. The results of these tests are
shown in table 9.

Table 9. 20 mi/h, soil plate pendulum tests.

Maximum Post Did the Did the Peak
Deflection Post Soil Plate Force
Test (in) Bend? Bend? (kips)
6-ft post, level 10.5 Yes n/a 16.2
ground, no soil
plate, FOIL 87P079
6-ft post, @ Break, 20.5 No n/a 8.5
no soil plate,
FOIL 87P080
6-ft post, @ Break, 23.5 No Yes 16.0
soil plate,
FOIL 87P089
6-ft post, 1 ft from 12.8 Yes No 17.8
break, no soil
plate, FOIL 87P083
7-ft post, @ Break, 13.4 Yes n/a 20.7

no soil plate,
FOIL 87P0S81

1in=0.03m 1 kip = 4450 N 1 ft =0.30m

Based on the results of these tests, the following conclusions
can be drawn for the given impact severity:

[ | Adding soil plates to posts at breakpoints of
backslopes provides questionable benefit. The post
with a soil plate still pushed away and the '
displacements were similar. However, the peak force
was practically doubled, which improves the redirection
potential.
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|| At foreslope breakpoints, increasing the embedment
depth by 1 ft (0.30 m) reduces the displacement from
23.5 to 13.4 in (0.60 m to 0.34 m) (57 percent).
Additionally, the peak force of the post was increased
by 29 percent, which gives better redirection
potential.

[ | Posts (with or without soil plate) located at
breakpoints of backslopes deflect twice as much as
those on level ground or even 1 ft (0.30 m) from the
breakpoint.

[ | The 0.25-in (0.006-m) thick soil plate should be
increased to at least 0.375 in (0.010 m) thick. If the
soil plate bends and the post pushes away, the soil
plate is not strong enough.

The present NPS guardrail system uses 7-ft (2.1-m) long timber
posts embedded 58 in (1.47 m). Test results indicate 8 in (0.20
m) to 10 in (0.25 m) of lateral post displacement under NCHRP 230
test 10 conditions. Increasing the embedment depth another 6 to
12 in (0.15 to 0.30 m) will probably reduce the lateral
deflection to approximately 4 in (0.10 m). This is based on
conservative engineering judgement that post displacement is
changed by the ratio of embedment depth squared, (L2). However,
the economics of posts 1 ft (0.30 m) longer and holes 1 ft (0.30
m) deeper are probably not merited. For 6-in (0.15-m) I-beams,
which can be driven easily, increasing the depth by 1 ft (0.30 m)
is more feasible. The use of 18-in high by 24-in wide by 0.375-
in thick (0.46~-m by 0.61-m by 0.010-m) soil plates with timber
posts should reduce the lateral post displacement to an
acceptable level. This modification, coupled with improved rail
design and a reduced post spacing, should make the timber
guardrail system acceptable according to NCHRP 230 evaluation
criteria.

The rail designer must compare these two options to determine
which is more feasible and cost effective for the particular
installation. Basically, the tradeoff is 1 ft (0.30 m) of post
for 45 1lb (20.4 kg) of steel plate. The steel plate needs to be
galvanized and attached to the post, thus adding cost. Also,
additional installation time may be required. The longer post
may require a larger post driving machine.

2. NEW DESIGN OF NPS TIMBER GUARDRAIL SYSTEM

The NPS uses a variety of longitudinal barrier systems, as
needed, along approximately 8100 mi (13032900 m) of park roads.
Timber guardrail systems (with and without steel reinforcement)
are popular barriers due to their aesthetics for blending into
the park environment. Within the EFLHD of the FHWA, 38 percent
of the NPS longitudinal barriers are wooden.

Through government sponsored research and testing the design of
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timber guardrail systems has evolved over the last 3 years in an
attempt to meet the structural adequacy criteria specified in
NCHRP Report 230 (4500-1b (2043-kg) car, 60 mi/h (26.8 m/s), 25
degrees). The first step involved the addition of steel
reinforcement to the back of the wood rail. The second step was
an improvement in the connection details from installation and
structural analysis standpoints. Recent improvements have been
to increase the post embedment depth from 42 to 58 in (1.07 to
1.47 m) and to use 12-in by 10-in (0.30-m by 0.25-m) posts.
Figure 3 provides an assembly drawing of the current timber
system design that was investigated and crash tested during this
contract.

In October 1987, a 4500-1b (2043-kg), 60 mi/h (26.8 m/s), 25
degree test (NCHRP 230 test 10) was conducted on the system shown
in figure 3. The vehicle was redirected at 10 degrees and with a
speed reduction of 36 mi/h (16.1 m/s). Furthermore, the vehicle
tire snagged on the first post past the impact point, two posts
were pushed back 8 to 10 in (0.20 to 0.25 m). The rail pocketed
and the wooden portion snapped. The steel portion maintained its
structural integrity. This test met the evaluation criteria of
NCHRP 230. However, the rail could be improved. This section
proposes improvements to the present system, compares it with a
standard W-beam system, and provides new designs.

a. Improvements to Present System

A flaw with this rail system is that the vehicle bumper pushes
under the rail and the front tire snags on one or more posts.
Based on test analysis, it appears that approximately 3 in (0.08
m) of tire snag occurred. Another flaw with this timber
guardrail system is the snapping of the rail under bending
stress.

Two recommendations are made to alleviate these flaws. First,
the rail should be thickened from 6 in (0.15 m) to 7 in (0.18 m).
Using Mc/I calculations where I = 1/12 (b)(h)3, the 17 percent
increase in rail thickness provides a 36 percent increase in
bending resistance for the wood alone. This is a much easier and
cheaper approach to stiffening the rail than to decrease the post
spacing. A decrease in post spacing increases the installation
time and labor cost significantly while thickening the rail by 1
in (0.03 m) has a negligible effect on installation time. This 1
in (0.03 m) generates an additional inch of blocked out space
between the rail face and the post, lowering the potential for
snag. Furthermore, a 1-in (0.03-m) increase in the rail
thickness uses less wood material when compared to decreasing the
post spacing from 10 ft (3.0 m) to 8 ft (2.4 m) for a 12-in by
10-in by 7-ft (0.30-m by 0.25-m by 2.1-m) post. From an
economical standpoint, money is better spent in enlarging the
rails than increasing the number of posts. ’
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The second recommendation is to increase the blockout distance

from 4 in (0.10 m) to 6 in (0.15 m). Thus, the total
post/blockout distance (including rail thickness) will be
increased from 10.75 in (0.27 m) to 13.75 in (0.35 m). This

additional 3 in (0.08 m) should help to eliminate snagging and
result in cleaner redirection and higher redirection speeds.

b. Comparison to W-beam Steel System

Standard blocked-out W-beam steel guardrail systems have proven
successful with a total post/blockout distance of 10.25 in (0.26
m). Given that the present timber rail system has a post
blockout distance of 10.75 in (0.27 m), it is strange that the
snagging problem occurs. Upon comparison of the two rail
geometries, two factors are apparent. First, the W-beam rail
face height is 12 in (0.30 m) versus the 10-in (0.25-m) timber
rail face height. Since both systems have a rail height of 27 in
(0.69 m) above ground, the W-beam rail system has 2 in (0.05 m)
less ground clearance for the vehicle bumper and tire to squee:ze
under the rail. Since the bumper is a more rigid structural
member than the front quarterpanel, it is very important that the
barrier system receive the impact of the bumper.

The second factor is the rail face shapes. The W-beam rail is
shaped to promote nesting of the vehicle bumper in the rail while
the timber rail is flat and allows vertical sliding of the
bumper. Nesting of the bumper keeps the vehicle from squeezing
under the rail and it allows for much better redirection.
Therefore, given the height and shape of the timber rail, it more
readily allows for snagging of the vehicle tire. The next
section suggests two improved designs.

c. Improved Designs

Based on the discussions in the two previous sections, two new
designs are proposed. The first design uses a 7-in deep by 12-in
high by 10-ft long (0.18-m by 0.30-m by 3.0-m) rail with 6-in
(0.15-m) blockouts mounted to the same posts with the same post
spacing shown in figure 3. Steel reinforcement and connection
details would also remain the same. Using Mc/I calculations, the
7-in by 12-in (0.18-m by 0.30-m) rail provides more bending
resistance than the present 6-in by 10-in (0.15-m by 0.25-m)
rail. This should help to eliminate rail pocketing and snapping.
The additicnal rail face height of 2 in (0.05 m), coupled with
the additional blockout depth of 3 in (0.08 m), should also help
to eliminate vehicle snagging.

The second proposed design uses two 6-in deep by 6-in high by 10-
ft long (0.15-m by 0.15-m by 3.0-m) rails mounted vertically 3 in
(0.08 m) apart on 6-in (0.15-m) blockouts, with the same posts
and connection details as above. The blockouts will also be
spaced 3 in (0.08 m) apart (instead of a one piece blockout for
both rails) so that better nesting can occur. Each rail will be
reinforced with 0.375-in thick by 4-in high (0.010-m by 0.10-m)
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steel plates in case one rail picks up a larger share of the
load. The split rail approach will provide better nesting
characteristics but one with less post/blockout distance and 40
percent less bending resistance than the first system discussed.
The split rail approach may also provide better aesthetics since
viewing between rails is possible. If this system is desired by
NPS, thicker rail elements may be required.

Figure 4 provides plan views of each system.
3. HIGH-SPEED WOODEN GUARDRAIL SYSTEM

Another conceptual redesign of the wooden guardrail system, which
was proposed by the FHWA, is shown in figure 5. This system was
meant to be used for high-speed (60 mi/h (26.8 m/s))
installations. When this system was designed, a modified version
of the later successfully tested wooden guardrail system was
modified for lower speed installations. The high-speed design
included many improvements to the strength of the standard
system.

This system consists of 10-in by 12-in by 7-ft (0.25-m by 0.30-m
by 2.1-m) posts set on 8-ft (2.4-m) centers. The posts are
embedded 58 in (1.47 m). The rails are 6-in by 10-in (0.15-m by
0.25-m) and are backed with a 0.375-in by 6-in (0.010-m by 0.15-
m) steel plate. A 6-in by 0.375-in by 36-in (0.15-m by 0.010-m
by 0.91-m) splice plate joins the rail sections with five 0.625-~
in (0.016-m) carriage bolts on each end of the rail sections.
The splice plate attaches to the post with a 0.625-in (0.016-m)
carriage bolt. A 4.75-in (0.12-m) diameter plate washer is used
on the nut end of the post bolt. This washer is set in a 1.5-in
(0.04-m) deep, circular recess cut into the post. The rail
mounting height is 27 in (0.69 m).

A rubrail mounted to the posts provides additional strength.

This rubrail is a 4-in by 2-in by 0.25-in (0.10-m by 0.05-m by
0.006-m) box beam 16 ft (4.9 m) long. The rubrail splice sleeve
consists of a 0.1875-in (0.005-m) plate rolled into a C-section.
The splice 1is anchored to the post with a 0.625-in (0.016-m)
carriage bolt. The nut end of the bolt features a 4.75-in (0.12-
m) diameter plate washer, set in a 1.5-in (0.04-m) deep, circular
recess cut into the post. Only one end of the rail is attached
to the splice sleeve at the splice post location. Two 0.375-in
(0.010-m) bolts attach the rail to the splice and the rubrail-
post bolt passes through the rubrail and the splice. The other
end of the rail slides over the splice sleeve, overlapping 18 in
(0.46 m). Splices occur at every other post location. The
center of the rubrail is 12 in (0.30 m) above grade.

An 18-in high by 24-in wide by 0.375-in (0.46-m by 0.61-m by
0.010-m) thick soil plate with an additional 2-in (0.05-m) long
by 90 degree bend at the top is located behind the post, 2 in
(0.05 m) below grade. In these discussions of the development of
traffic barriers for park roads and parkways, it should be kept
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in mind that aesthetics is a primary design consideration. This
greatly influenced the barrier selection and design process.

4. STONE MASONRY GUARDWALL SYSTEM

The stone masonry guardwall system is similar to that installed
on the Skyline Drive within Shenandoah National Park. It
consists of a rubble stone veneer applied to a precast concrete
core. The stone material was a Maryland native mica schist.
Three types of stone were used for the wall, as follows:

ordinary rough for the face, sawed veneer for the one piece (full
width) coping stones (at least 25 percent of length) and rubble
building veneer for the remaining two-piece coping stones. The
guardwall was built per FHWA specifications SHEN IA9 and SHEN
3BP. Espina Stone Company, the masonry contractor that built the
Skyline Drive masonry guardwall, also built the guardwalls tested
under this contract. The guardwall was 27 in (0.69 m) high, 24
in (0.61 m) wide, and 90 ft (27 m) long. The wall core height
was 18 in (0.46 m). This section presents various design
concepts for future application to this system. Figure 6 shows
details of this system.

a. New Design of Stone Masonry Guardwall

As summarized in the full-scale test section, task E, the stone
masonry guardwall was structurally inadequate under NCHRP 230
test 10 conditions. 15 ft (4.6 m) of coping stone was knocked 5
ft (1.53 m) behind the wall, 4 ft (1.22 m) of coping stone was
angled back, and a one-piece coping stone was dislodged. Given
that standard bumper heights for large sedans are 18 in (0.46 m)
at the bumper center and the core height is 18 in (0.46 m) above
ground level, the weakest point of the system is at the vertical
impact point. The following recommendations are made to improve
this design:

n Raise the core embedment depth 3 in (0.08 m) and reduce
the coping thickness 3 in (0.08 m). Thus, the
guardwall height remains at 27 in (0.69 m), however,
the precast concrete core is contributing to the
strength of the systenmn.

[ | Use type S mortar instead of the present type N mortar.
This will increase the mortar compressive strength from
750 1b/in? (5168 kPa) to 1200 1lb/in? (8268 kPa), a 60
percent increase. The increase in cost is minimal.

| Improve the masonry to core top shear resistance by
providing a 4-in wide by 4-in (0.10-m by 0.10-m) deep
keyway in the center of the top of the pbrecast core.
Vertical dowels can also be used to strengthen the
system, however these are not felt to be necessary.

A second test was conducted on the rough stone masonry guardwall
system after modification of the system. The core was raised to
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a 20 in (0.51 m) height while maintaining an overall wall height
of 27 in (0.69 m). This retest met the evaluation criteria for

test 10 of NCHRP 230.
b. Mountable Curb

The stone masonry guardwall intended for the Baltimore-Washington
Parkway will have a 3.5-in (0.09-m) mountable curb located in

front of the wall.

Two tests were conducted on a stone median barrier with a 3.5-in
(0.09-m) mountable curb and gutter located in front of the wall
(see task E, tests 7 and 12). From the roadway edge, 13 ft (4.0
m) of a 2 percent downslope led into the 2.5-ft (0.76-m) long,
3.5-in (0.09-m) high mountable curb and gutter. Between the curb
and the face of the wall was 10.5 ft (3.2 m) of a 2 percent
upslope.

The tests conducted were: NCHRP 230 test 10 (4500-1b (2043-kqg)
vehicle, 60 mi/h (26.8 m/s), 25 degrees) and test S13 (1800-1b
(817-kg) vehicle, 60 mi/h (26.8 m/s), 20 degrees.)

During the tests, the vehicles rolled slightly while traversing
the curb. The curb also caused the small car test vehicle (1800
1b (817 kg)) to turn slightly causing the impact to be upstream
of the desired impact location. The trajectory of the large car
test vehicle (4500 1b (2043 kg)) was not changed by the curb.

5. ARTIFICIAL STONE, PRECAST CONCRETE MEDIAN BARRIER

This barrier was designed to simulate a smooth stone median
barrier while lowering overall cost by lowering the cost of
installation and eliminating the required masonry work. Figure 7
shows details of this system.

The barrier was 27 in (0.69 m)- high with a 1-in (0.03-m) capstone
overhang. The barrier was 100 ft (30 m) long, consisting of ten
10-ft (3.0-m) sections. The sections were cast in Ladysmith,
Virginia and shipped to the contractor’s Delaware test facility.
The sections were placed on a bed of packed crusher run 6 in
(0.15 m) thick. Two of the sections featured the original square
keyway design while the rest had the current round pin and socket
design. The sections were shaped like a T with a base that was
3.5 ft (1.07 m) wide and 1 ft (0.30 m) thick. The stone-like
part of the barrier rose 27 in (0.69 m) above the base.

Two tests were conducted on this barrier (see task E, tests 7 and
12). Overall, this system performed very well. Visually, the
system was a very good representation of a smooth stone wall.

The system successfully met the NCHRP 230 evaluation criteria for
tests 10 and S13.

However, installation of this barrier was somewhat difficult.
Each section was cast upside-down and the true bottom of the
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section was screed to form a flat surface. However, this surface
was not uniformly flat. To place and level the sections required
repeated grading and smoothing of the crusher run base. A
solution to this problem is to tighten the manufacturing quality
control specifications for the production of this barrier.

6. LOG GUARDRAIL SYSTEM

The log guardrail system shown in figure 8 is considered
structurally adequate. However, this system has the same
limitations as the timber system discussed previously. The
splice plate/rail connections should be improved to reduce the
inherent slack in the system. Furthermore, the contact surface
of the log rail presents problems unless it is adequately .
blocked-out. The round log shape will promote either vaulting or
nosing of impacting vehicles. In the case of nosing vehicles,
which is more likely, snagging becomes a problem. Therefore, an
adequate blockout is required. Two tapered cast steel blockouts
were designed and submitted for review to the FHWA. One blockout
had straight tapered edges while the second blockout had curved
tapered edges. Figure 8 is a drawing of the curved edge
blockout. The FHWA plans to crash test this log guardrail under
a future contract.

7. REMOVEABLE GUARDRAIL SYSTEM DESIGNS
a. Introduction

The Glacier National Park uses a removeable guardrail on some of
their roads. The current design is in need of upgrading. A new
conceptual design was proposed by WFLHD, and reviewed by the
contractor. This system used 8-in by 8-in (0.20-m by 0.20-m)
wood rails and built-up steel posts. The posts were attached to
the deck with a single bolt anchor setup. Analysis of this
design found several deficiencies, including, insufficient rail
splice strength to carry rail tensile loads, marginal rail
strength, and a weak connection of the post to the deck detail.

Several rail concepts were developed by the contractor for FHWA
review. Desirable features from those concepts were selected by
WFLHD. Based on this review, a set of designs were generated for
connecting the post to the deck, the basic shape of the rail, and
the connection of the rail to the post. A set of engineering
drawings depicting each concept was generated.

The drawings were delivered to the FHWA. Appendix C includes
reductions of these drawings. Two combinations of the systems
are presented in an artist type sketch, shown in figures 9 and
10. These illustrate the flexibility of these combinations of
posts and rails.

The first is based on the slide base mount for anchoring the post

to the ground and the pin link rail to post attachment. The
other depicts the angle rail system with the insert splice with
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pin rail attachment and the Pandrol post mount. These two
sketches show two combinations of the rail to post and post to
ground attachments. Almost any combination of these attachments
can be used with both the rail concepts shown in the
illustrations and detailed in the drawing package.

b. Description of Various Concepts

This section presents brief discussions of each of the concepts
presented for the removable system. This section is broken down
into three areas, 1) rail options, 2) post/post to ground

attachment options, and 3) rail to post connection options.

(1). Rail Options

The two rail designs discussed in this section were shown in the
two illustrations. The two rail types are:

1. 4-in by 10-in (0.10-m by 0.25-m) wooden rail element
with W10x15 backup beam.

2. 4-in by 12-in (0.10-m by 0.30-m) wooden rail element
with 3-in by 12-in by 0.375-in (0.08-m by 0.30-m by
0.010~-m) built-up angle backup beamn.

(a). W-Beam Design

The W-beam rail design consists of a 10-in by 4-in (0.25-m by
0.10-m) wooden rail element nested inside a steel backup beam.
The backup rail is constructed using a W10x15 stiffener rail.

The top of the beam is mounted 27 in (0.69 m) above the pavement.
This design is blocked-out about 3 in (0.08 m) due to the nature
of the beam geometry and the attachment to the post.

(b). Angle Design

The angle rail design features a 12-in by 4-in (0.30-m by 0.10-m)
wooden rail element and a 3-in by 12-in by 0.375-in (0.08-m by
0.30-m by 0.010-m) angle back up stiffener. It is mounted at 27
in (0.69 m), measured from the top of the wooden rail to the
pavement. The extra 2 in (0.05 m) of rail are added to make up
for the lack of a blockout. This depth effectively reduces the
spacing between the bottom of the rail and the pavement, thus
lowering the possibility of wheel snag.

(2). Post to Ground Attachment Options

Each of the seven concepts are discussed in the following
paragraphs.

Table 10 is a list of the post/post to ground attachment options
along with their associated drawing number. The drawing numbers
which end in () contain more than one page. All the drawings are
reproduced in appendix C.
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Table 10. Post to ground attachment concept drawing numbers.
Drawing Number Concept Number Title
1818-B~15-() 1 Slide Base
1818-B-16 2 One Side Latch
1818-B-17-() 3 Lug Lock
1818-B-18-() 4 Pandrol Clip
1818-B-19 5 Dual Bolt Clip
1818-B-20 6 Key Lock
1818-B-25 7 Rotate Lock
(a). 8Slide Base

The slide base post uses a W-beam post welded to a 1-in (0.03-m)
base plate. The post and its base plate is slid into a base unit
which is comprised of two angles cast into the concrete footing.
The base unit is about 4 in (0.10 m) longer than the post base
plate to allow for the post to be moved side to side for rail
alignment.

(b). One Side Latch

This design uses the same post as the slide base concept but has
a different base unit design. The angle is removed from the back
side and replaced with a vertical plate. Two wedge shaped pins
are driven into the vertical plate to hold the post in position.
This nonsymmetrical design allows for strong support in the
direction of loading from an errant vehicle, while maintaining
the easy removal design feature.

(c). Lug Lock

The lug lock post attachment uses a set of four lugs which engage
a set of matching holes in the base plate. The lugs have a 2-in
(0.05-m) head diameter and a 1-in (0.03-m) neck diameter. To
install the post, the lugs are dropped into a set of large
openings and then slid into position. Locking is accomplished
with a 0.5-in (0.013-m) Kkeeper bolt. This design is expensive to
build because of the lugs and will not allow for a great amount
of adjustment for varying rail lengths and anchor misalignments,
but will be very easy to use.

(d). Pandrol Clip

In this design, the post is the same as the slip base design.

The base unit is comprised of an angle on the load side to
control the moment and a Pandrol clip on the backside to lock the
post in place. Pandrol clips are used in great numbers in
fastening railroad rails to concrete ties. They have a good
clamping load (about 2200 1lb (9790 N) each), are installed with a
sledge hammer and can be reused many times. The devices are also
fairly inexpensive, with the clip costing about $1.75 and the rag
anchor about $4 to $5.
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(e). Dual Bolt Clip

In this design the post base plate is actually anchored on the
back side with two Coil bolts. These bolts are specially
designed for use in concrete and can be installed and removed
many times. The front side of the base unit uses the angle to
maintain the strength to redirect crashing vehicles.

(f). Key Lock

The key lock design uses a wedged Z-shaped key to lock the post
base plate to the base unit. This design incorporates easy
installation and a positive lock to maintain the post in position
during a crash. The key is driven in place and removed with a
hammer.

(g). Rotate Lock

The rotate lock post uses a base plate which locks into the base
unit when it is twisted 90 degrees. After dropping the post into
the base unit, the post is then rotated back the 90 degrees to
lock it into place. This design has the feature that no hardware
is needed to anchor the post to the base while maintaining a full
containment of the post during a crash. The disadvantage might
be that it will be hard to clean after the winter season.

(3). Rail to Post Connection Options

Table 11 lists the rail to post attachment options along with
their associated drawing number. All the drawings are reproduced
in appendix C. Each of the four concepts are discussed in the
following paragraphs.

Table 11. Rail to post connection concept drawing numbers.

Drawing Number Concept Number Title
1818-B-21-1 1 Pin Link
1818-B-21-2 1 Pin Link with
W10x15 backup
1818-B-21-3 1 Pin Link with

angle backup

1818-B-22 2 Vertical Pin
1818-B-23 3 Insert and Pin
1818-B-24 4 Slip Joint
(a). Pin Link

The pin link rail to post attachment uses a 1.25-in (0.03-m)
diameter pin to attach each end of the rail to a post. The pin
is slid into holes in the post flanges and locked in place on the
back side with a wedge. The wedge is installed with a hammer.

On the front side of the post, a 0.5-in (0.013-m) thick plate is
welded to carry the tensile load in the rail from one panel to
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the next. The pins are welded to the rail stiffener beam in such
a way to carry the load. This concept was depicted in figure 9.

(b). Vertical Pin

This concept works best with the W-beam stiffener, but could be
adapted to the angle backup. Two shelf angles are welded to the
front face of the post with a spacing compatible with the 10-in
(0.25-m) W-beam. The web is removed over the last 6 in (0.15 m)
of the beam and a set of holes are installed to permit the use of
a vertical pin to lock the rail element to the post.

(¢). Insert and Pin

This design utilizes an egg-shaped steel bracket welded to the
back of the stiffener beam. This bracket is then slipped into a
rectangular hole in the post flange. A tapered pin is driven
into the bracket to lock the rail to the post. A 0.5-in (0.013-
m) face plate is welded to the front of the post to carry the
loads in the rail through the post. This concept was illustrated
in figure 10.

(d). S8lip Joint

In this design, collars are welded to each end of the rail
element. The collars are large enough to slip over the top of
the post and rest on a shelf welded to the post. The collars are
welded to the rail with one end at the top side and the other end
at the bottom side. This allows the elements to be all the same
and allows them to be stacked on the post. A keeper bolt is
installed on the top collar to lock them to the post.
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TASK D - TEST PROGRAM DEVELOPMENT

The initial test matrix containing 10 tests was set forth in the
contract. Five of these tests were conducted. Based upon the
results of these tests and the output from the survey, analysis
and design tasks, modifications were proposed and developed in
connection with and with guidance from the FHWA. The actual
matrix of tests conducted is given in table 12.
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TASK E - FULL-SCALE TESTS

Eleven tests were conducted under this contract. Each test is
discussed in detail in this section. Photographs, drawings, data
plots and descriptions of the test setup and results are
presented for each test.

Due to a change in the test numbers during the course of the
contract, tests 10, 11 and 13 were not conducted. The test
numbers consist of the job number (first four digits), the test
sequence number (center digits), and the year the test was
conducted (last two digits).

1. TEST 1818~-5-1-87
a. Test Device

The test device was a blocked-out, steel-backed wood guardrail
designed by the FHWA WFLHD. This system is similar the EFLHD
system installed on the George Washington Memorial Parkway. The
guardrail was 90 ft (27 m) long. The posts were 8 in by 10 in by
5 ft, 8 in (0.20 m by 0.25 m by 1.73 m) set at 10-ft (3.0-m)
spacing with 6-in by 10-in by 10-ft (0.15-m by 0.25-m by 3.0-m)
rails. The rails were backed with 6-in by 0.375-in (0.15-m by
0.010-m) steel plates. These plates were attached to the rail
with nine 0.625-in (0.016-m) lag screws. The ends of the rails
were through-bolted to a 2-ft, 6-in long by 6-in by 0.375-in
(0.76-m by 0.15-m by 0.010-m) splice plate with four 0.75-in
(0.019-m) bolts. The splice plate was bolted to the post with
one 0.625-in (0.016-m) bolt. A 4-in by 9-in by 10-in (0.10-m by
0.23-m by 0.25-m) blockout was mounted between the post and the
rail. A 4-in by 4-in (0.10-m by 0.10-m) plate washer was used on
the back of the splice plate bolt. The rail height was 27 in
(0.69 m) and the posts were embedded 42 in (1.07 m).

Figure 11 shows the test site and test device. Figure 12 shows a
detailed drawing of the test device. Figure 13 shows pretest
photographs of the guardrail system.

b. Test Vehicle

The test vehicle was a 1982 Honda Civic. The target inertial

vehicle weight was 1800 + 50 1lb (817 * 23 kg). The inertial
weight of the vehicle was 1815 1lb (824 kg). The target gross
vehicle weight was 1950 * 50 1b (885 * 23 kg). The gross weight

of the vehicle was 1998 1lb (907 kg).

X-, y- and z-axis accelerometers were mounted in the car along
with roll and yaw rate gyros. One fully-instrumented dummy was
placed in the vehicle in the driver seat, unrestrained. The
dummy instrumentation consisted of x-, y- and z-axis
accelerometers in the head and chest and load cells in the legs.
Pretest photographs of the test vehicle are shown in figure 14.
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Figure 13.

Pretest photographs of guardrail system,
test 1818-5-1-87.
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Figure 14. Pretest photographs of test vehicle,
test 1818-5-1-87.
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c. Impact Description

Review of the high-speed films, fifth wheel and speed trap data
indicated that the test vehicle impacted at 61.9 mi/h (27.7 m/s)
and 20.4 degrees. This review also indicated that the vehicle
impacted at the desired point.

During the crush of the vehicle left front fender, the first
downstream post (post 5) pushed back, allowing the vehicle tire
to ride under the rail. The car continued downstream into post
6, which did not deflect. The post and connecting rail section
blew out due to the force of this impact. The rail ends
disintegrated and the post completely rotated ocut of the ground.
The impact with the post caused most of the damage to the left
front corner of the vehicle. The impact with the post caused the
vehicle to yaw while continuing downstream. The vehicle remained
in contact with the rail for 15 ft (4.6 m). The vehicle came to
rest centered on post 7, at a 95 degree angle to the rail.

Tire scrub was found on the underside of the rail and on post 5.
The rail sections at posts 4 through 8 were laterally displaced
and debris was thrown up to 60 ft (18 m) behind the rail system.

Inside the vehicle, it was observed that the dummy’s head
collided with the A-pillar and windshield header. The upper
portion of the driver side door was wedged outward from the
impact of the dummy. The dummy received a large gash in the face
from contacting the breaking windshield. The dummy came to rest
with its head between the seats.

A summary of the test conditions and results is given in figure
15. Data analysis was performed and the vehicle x-axis and y-
axis, 100 Hz acceleration traces are shown in figure 16.

d. Dummy Data Analysis

Due to a break in the data cable during the test, no dummy data
was obtained.

e. Vehicle Damage

Damage occurred mainly to the left front fender, grill and
bunper. The driver side door was wedged outward and the
windshield and driver side window glass were shattered. Posttest
photographs of the vehicle are shown in figure 17.

f. Guardrail Damage
Due to the severe impact that occurred at post 6, the splice
plate and all connection hardware were bent or sheared. The

fifth rail and the sixth post and blockout were severely damaged.
Posttest photographs of the guardrail are shown in figure 18.
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Figure 16. Vehicle acceleration, test 1818-5-1-87.

51



Figure 17.

Posttest photographs of test vehicle,
test 1818-5-1-87.
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Figure 18.

Posttest photographs of guardrail
test 1818-5-1~87.
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2. TEST 1818~-5-2~87
a. Test Device

The test device was a blocked-out, steel-backed wood guardrail
designed by the FHWA WFLHD. The rail system is similar to the
system tested in test 1818-5-1-87. The posts were changed to 8
in by 10 in by 7 ft (0.20 m by 0.25 m by 2.1 m). The post length
was the only detail that was changed from test 1818-5-1-87. The
guardrail was 90 ft (27 m) long. The rail height was 27 in (0.70
m) and the posts were embedded 58 in (1.47 m).

Figure 19 shows the test site and test device. Figure 20 shows a
detailed drawing of the test device. Figure 21 shows pretest
photographs of the guardrail system.

b. Test Vehicle

The test vehicle was a 1978 Ford Thunderbird. The target

inertial vehicle weight was 4500 * 200 1lb (2043 * 91 kg). The
inertial weight of the vehicle was 4313 1lb (1958 kg). The target
gross vehicle weight was 4500 + 300 1b (2043 * 136 kg). The

gross weight of the vehicle was 4670 1lb (2120 kg).

X-, y- and z-axis accelerometers were mounted in the car along
with roll and yaw rate gyros. Two fully-instrumented dummies
were placed in the vehicle in the driver seat, unrestrained and
in the passenger seat, restrained. The dummy instrumentation
consisted of x-, y- and z-axis accelerometers in the head and
chest and load cells in the legs. Pretest photographs of the
test vehicle are shown in figure 22.

¢. Impact Description

Review of the high-speed films, fifth wheel and speed trap data
indicated that the test vehicle impacted at 60.6 mi/h (27.1 m/s)
and 25.2 degrees. This review also indicated that the vehicle
impacted at the desired point.

During the crush of the vehicle left front fender, the first
downstream post (post 5) broke, allowing the vehicle tire to ride
under the rail. The car continued downstream into post 6, which
also broke. Prior to impacting post 6, all four of the 0.75-in
(0.019-m) bolts sheared off at the upstream splice plate of rail
5. Upon impacting post 6, the post bolt pulled out of the post.
Thus, rails 5 and 6 were free to move on the upstream end. They
rotated 180 degrees and came to rest parallel with rails 7 and 8.
The vehicle continued downstream and impacted post 7. The impact
with the post caused the vehicle to yaw while continuing
downstream. The vehicle remained in contact with the rail for 15
ft (4.6 m). The vehicle came to rest centered on post 7, at a 25
degree angle to the rail. Impacts with posts 6 and 7 caused most
of the damage to the left front corner of the vehicle.
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Figure 21.

Pretest photographs of guardrail system,
test 1818-5-2-87.
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Figure 22. Pretest photographs of test vehicle,
test 1818-5-2-87.
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Tire scrub was found on the underside of rails 4 and 5 and on
posts 5 and 6.

Inside the vehicle, it was observed that the dummy’s head
impacted the upper left corner of the windshield. The upper
portion of the driver side door was wedged outward from the
impact of the dummy and the side window was shattered

A summary of the test conditions and results is given in figure
23. Data analysis was performed and the vehicle x-axis and y-
axls, 100 Hz acceleration traces are shown in figure 24.

d. Dummy Data Analysis

Dummy data analysis was performed. The dummy data was digitized
at 8000 Hz and processed to compute the required parameters.

Table 13 lists the dummy head, chest and femur parameters.

Table 13. Dummy parameters, test 1818-5-2-87.

Driver Passenger

Head
HIC 543 61
Start time 0.152500 0.122125
End time 0.168375 0.226625
Time duration 0.015875 0.104500
Chest
CSI n/a 71
0.003 s Chest

Acceleration 24.6 14.8
Time 0.157875 0.425125
Femur
Right Load 560 127
Left Load 760 320

e. Vehicle Damage

Damage occurred mainly to the left front fender, grill and
bumper. Both left tires and the right front tire were flat after
the impact. The front left wheel rim was damaged from post snag.
The driver side door was wedged outward and the windshield and
driver side window glass were shattered. Posttest photographs of
the vehicle are shown in figure 25.

f. Guardrail Damage

Due to the failure of the posts and the connection hardware at
post 5, a significant amount of damage occurred. Posts 5, 6 and
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Figure 24. Vehicle acceleration,
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Figure 25. Posttest photographs of test vehicle,
test 1818-5-2-87.
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7 were broken at or below ground level. Post 6 was cracked open
at the top where the rail attachment bolt pulled out. The four
8.5-in (0.22-m) long carriage bolts were sheared off at the
upstream end of rail 4. Three splice plates were bent
significantly. Posttest photographs of the guardrail are shown
in figure 26.

3. TEST 1818-5-3-87
a. Test Device

The test device was a rough stone masonry guardwall system
similar to that installed on the Skyline Drive within Shenandoah
National Park. This system was 90 ft (27 m) long and contained
nine 10-ft (3.0-m) long precast concrete single masonry face
cores with one side infilled with stone masonry work. The stone
material was a Maryland native mica schist. Three types of stone
were used for the wall, as follows: ordinary rough for the face,
sawed veneer for the one piece (full width) coping stones (at
least 25 percent of length) and rubble building veneer for the
remaining two-piece coping stones. The guardwall was built per
FHWA specifications SHEN IA9 and SHEN 3BP. Espina Stone Company,
the masonry contractor that built the Skyline Drive masonry
guardwall, also built this guardwall. The guardwall was 27 in
(0.69 m) high, 24 in (0.61 m) wide, and 90 ft (27 m) long. The
wall core height was 18 in (0.46 m).

Figure 27 shows the test site and test device. Figure 28 shows a
detailed drawing of the test device. Figure 29 shows pretest
photographs of the guardwall system.

b. Test Vehicle

The test vehicle was a 1981 Honda Civic. The target inertial

vehicle weight was 1800 * 50 1lb (817 * 23 kg). The inertial
weight of the vehicle was 1810 1lb (822 kg). The target gross
vehicle weight was 1950 + 50 1lb (885 * 23 kg). The gross weight

of the vehicle was 1957 1lb (888 Kkg).

X-, y- and z-axis accelerometers were mounted in the car along
with roll and yaw rate gyros. One fully-instrumented dummy was
placed in the vehicle in the driver seat, unrestrained. The
dummy instrumentation consisted of x-, y- and Zz-axis
accelerometers in the head and chest and load cells in the legs.
Pretest photographs of the test vehicle are shown in figure 30.

c. Impact Description

Review of the high-speed movie films, fifth wheel and speed trap
data indicated that the test vehicle impacted at 61.2 mi/h (27.4
m/s) and 20.2 degrees. This review also indicated that the right
corner of the vehicle impacted the guardwall 1 ft (0.30 m)
upstream of the desired point.

63



Figure 26. Posttest photographs of guardrail systen,
test 1818-5-2-87.
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Figure 29.

Pretest photographs of guardwall
test 1818-5-3-87.
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Figure 30. Pretest photographs of test vehicle,
test 1818-5-3-87.
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Upon impact, the front of the vehicle was deformed and skewed
toward the non-impact side. The right front corner of the
vehicle continued to crush until the vehicle A-pillar struck the
wall. The vehicle then yawed around and exited the rail. The
vehicle remained in contact with the wall for approximately 11 ft
(3.4 m). The vehicle was redirected at 44.0 mi/h (19.7 m/s).

Inside the vehicle, it was observed that the unrestrained dummy’s
head impacted the windshield just inside the passenger pillar
breaking the windshield.

A summary of the test conditions and results is given in figure
31. Data analysis was performed and the vehicle X-axis and y-
axis, 100 Hz acceleration traces are shown in figure 32.

d. Dummy Data Analysis

pummy data analysis was performed. The dummy data was digitized
at 8000 Hz and processed to compute the required parameters.
Table 14 lists the dummy head, chest and femur parameters.

Table 14. Dummy parameters, test 1818-5-3-87.

Driver

Head
HIC 1052
Start time 0.121500
End time 0.163875
Time duration 0.042375
Chest
CSI 155
0.003 s Chest

Acceleration 33.2
Time 0.158375
Femur
Right Load 380
Left Load 1325

e. Vehicle Damage

Vehicle damage occurred mainly to the right front fender, grill
and bumper. The front right tire rim was damaged from impacting
the wall, resulting in a flat tire. The passenger side door was
wedged outward and the windshield was shattered on the passenger
side due to the impact from the dummy. Windshield fragments were
thrown 35 to 40 ft (10.7 to 12.2 m) behind the guardwall.
Posttest photographs of the vehicle are shown in figure 33.
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Figure 32. Vehicle acceleration, test 1818-5-3-87.
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Figure 33. Posttest photographs of test vehicle,
test 1818-5-3~87.
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f. Guardwall Damage

Damage to the guardwall system was minimal. Paint marks were
found for 11 ft (3.4 m) on the guardwall. One stone in the
guardwall face was found to be slightly loose with a 2 in (0.05
m) corner chipped off. A horizontal hairline crack was created
9.5 in (0.24 m) below the top of the wall for a length of 7 ft
(2.1 m). This crack corresponds to the top of the concrete core
and it ran horizontally along stone surfaces. Posttest
photographs of the guardwall are shown in figure 34.

4, TEST 1818-5-4-87

a. Test Device

The test device was the rough stone masonry guardwall. This
system was tested in test 1818-5-3-87. The guardwall was 27 in
(0.69 m) high, 24 in (0.61 m) wide, and 90 ft (27 m) long. The
wall core height was 18 in (0.46 m).

Figure 35 shows the test site and test device. Figure 36
provides a drawing of the stone masonry guardwall. Figure 37
shows pretest photographs of the guardwall systen.

b. Test Vehicle

The test vehicle was a 1978 Ford LTD II. The target inertial

vehicle weight was 4500 * 200 1lb (2043 * 91 kg). The inertial
weight of the vehicle was 4311 lb (1957 kg). The target gross
vehicle weight was 4500 * 300 lb (2043 * 136 kg). The gross

weight of the vehicle was 4634 1lb (2104 kg).

X-, y- and z-axis accelerometers were mounted in the car along
with roll and yaw rate gyros. Two fully-instrumented dummies
were placed in the vehicle in the driver seat, unrestrained and
in the passenger seat, restrained. The dummy instrumentation
consisted of x-, y- and z-axis accelerometers in the head and
chest and load cells in the legs. Pretest photographs of the
test vehicle are shown in figure 38.

c. Impact Description

Review of the high-speed movie films, fifth wheel and speed trap
data indicated that the test vehicle impacted at 60.8 mi/h (27.2
m/s) and 25.3 degrees. This review also indicated that the right
corner of the vehicle impacted the guardwall 4 in downstream of
the desired impact point. The impact point was shifted 10 ft
(3.0 m) from the small car impact in test 1818-5-3-87 to avoid
impacting the system near the existing crack.

Upon impact, the front of the vehicle was deformed and skewed
toward the non-impact side. The right front corner of the
vehicle continued to crush. The vehicle rode up on top of the
wall, knocking off approximately 15 ft (4.6 m) of coping stone.
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Figure 34. Posttest photographs of guardwall systen,
test 1818-5-3-87.
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Figure 37.

Pretest photographs of guardwall systen,
test 1818-5-4-87.
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Figure 38. Pretest photographs of test vehicle,
test 1818-5-4-87.
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The vehicle remained in contact with the wall for approximately
64 ft (20 m) before redirecting. The vehicle was redirected at
36.4 mi/h (16.3 m/s).

Inside the vehicle, it was observed that the unrestrained dummy’s
head impacted the windshield on the passenger side, breaking the
windshield.

A summary of the test conditions and results is given in figure

39. Data analysis was performed and the vehicle x-axis and y-
axis, 100 Hz acceleration traces are shown in figure 40.

d. Dummy Data Analysis

Dummy data analysis was performed. The dummy data was digitized
at 8000 Hz and processed to computed the required parameters.
Table 15 lists the dummy head, chest and femur parameters.

Table 15. Dummy parameters, test 1818-5-4-87.

Driver Passenger

Head '
HIC 418 250
Start time 0.156750 0.120125
End time 0.189125 0.198750
Time duration 0.032375 0.078625
Chest
CSI 830 177
0.003 s Chest

Acceleration 55.0 57.7
Time 0.154000 0.095250
Femur
Right Load n/a 1362
Left Load n/a 525

e. Vehicle Damage

Vehicle damage occurred mainly to the right side of the car. The
right front fender, grill, bumper, rear quarterpanel, and vehicle
steering and suspension were damaged significantly. The two
right wheels were damaged from impacting the rail thus, resulting
in flat tires. The passenger side door was wedged outward and
the windshield was shattered on the passenger side due to the
impact from the dummy. Posttest photographs of the vehicle are
shown in figure 41.
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Figure 40. Vehicle acceleration, test 1818-5-4-87.
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Figure 41. Posttest photographs of test vehicle,
test 1818-5-4-87.
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f. Guardwall Damage

Damage to the guardwall system was significant. 15 ft (4.6 m) of
coping stone was knocked off the wall, 4 ft (1.22 m) of coping
stone was angled back, and a one-piece coping stone was
dislodged. No other damage to the face or coping was observed.
No displacement of the concrete cores was observed. Posttest
photographs of the guardwall are shown in figure 42.

5. TEST 1818-5-88
a. Test Device

The test device was a rough stone masonry guardwall. This system
was similar to the system tested in tests 1818-5-3-87 and 1818-5-
4-87. The guardwall was 27 in (0.69 m) high, 24 in (0.61 m)
wide, and 90 ft (27 m) long. For this test, the core was raised
to 20 in (0.51 m). This was accomplished by removing the old
coping stones, removing part of the front stonework, grading in
front of the wall to achieve a 20-in (0.51-m) core height, and
replacing the stone to a 27-in (0.69-m) height above grade.

Figure 43 shows the test site and test device. Figure 44
provides a detailed drawing of the stone masonry guardwall.
Figure 45 shows pretest photographs of the guardwall system.
b. Test Vehicle

The test vehicle was a 1982 Plymouth Gran Fury. The target

inertial vehicle weight was 4500 + 200 1lb (2043 * 91 kg). The
inertial weight of the vehicle was 4325 1lb (1964 kg). The target
gross vehicle weight was 4500 + 300 1lb (2043 * 136 kg). The

gross weight of the vehicle was 4650 1b (2111 kg).

X-, y- and z-axlis accelerometers were mounted in the car along
with roll and yaw rate gyros. Two uninstrumented dummies were
placed in the vehicle in the driver seat, unrestrained and in the
passenger seat, restrained. Pretest photographs of the test
vehicle are shown in figure 46.

¢c. Impact Description

Review of the high-speed movie films, fifth wheel and speed trap
data indicated that the test vehicle impacted at 61.0 mi/h (27.3
m/s) and 24 dedgrees. This review also indicated that the right
corner of the vehicle impacted the guardwall 1 ft (0.30 m)
downstream of the desired pcint.

Upon impact, the front of the vehicle was deformed and skewed
toward the non-impact side. The hood came open Jjust after
impact. The passenger side door bent open but did not come
unlatched. The right front corner of the vehicle continued to
crush until the vehicle A-pillar struck the wall. The vehicle
then yawed around and exited the wall. The vehicle remained in
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Figure 42. Posttest photographs of guardwall systen,
test 1818-5-4-87.
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Figure 45.

NG

i,

test 1818-5-88.
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Pretest photographs of guardwall system,



Figure 46.

Pretest photographs of test vehicle,
test 1818-5-88.
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contact with the wall for approximately 17 ft (5.2 m). The
vehicle was redirected at 37.9 mi/h (16.9 m/s) and 6 degrees.
The vehicle came to rest 25 ft (7.6 m) past the end of the wall,
13 ft (4.0 m) in front of the wall.

Inside the vehicle, it was observed that the unrestrained driver
dummy punched out the lower passenger side of the windshield and
came to rest in this position. The restrained passenger dummy

struck the door but remained seated throughout the impact event.

A summary of the test conditions and results is given in figure
47. Due to a data cable failure, no data was recorded during the
test.

d. Vehicle Damage

Vehicle damage occurred mainly to the right side of the car. The
right front fender, grill, bumper, rear quarterpanel, and vehicle
steering suspension were damaged significantly. The passenger
side door was wedged outward and the windshield was shattered on
the passenger side due to the impact from the dummy. Posttest
photographs of the vehicle are shown in figure 48.

e. Guardwall Damage

This rough stone guardwall performed as designed. No structural
damage was evident. One 1-ft (0.30-m) long hairline crack was
detected on the front face, downstream of impact. Two stones had
front faces cleaved off, probably by the rear bumper as the
vehicle was redirected. Posttest photographs of the guardwall
are shown in figure 49.

6. TEST 1818-5-6-87
a. Test Device

The test device was a blocked-out, steel-backed timber guardrail
designed by the FHWA WFLHD. This system is similar to the system
tested in test 1818-5-2-87. The posts were 10 in by 12 in by 7
ft (0.25 m by 0.30 m by 2.1 m). The post size was the only
detail that was changed from test 1818-5-2-87. The guardrail was
90 ft (27 m) long. The rail height was 27 in (0.69 m) and the
posts were embedded 58 in (1.47 m).

Figure 50 shows the test site and test device. Figure 51 shows a
detailed drawing of the system. Figure 52 shows pretest
photographs of the guardrail system.

b. Test Vehicle

The test vehicle was a 1978 Ford LTD II. The target inertial

vehicle weight was 4500 = 200 1lb (2043 + 91 kg). The inertial
weight of the vehicle was 4309 1b (1956 kg). The target gross
89



*88-6-818T 3s93 ‘Axeumins 3seoJ *Ly 2aInbtg

S-N G%*% = 99s-q] | S/Ww 0g°0 = $/34 | w-N g581 = 33-diy | N 0gyy = diy | w 6091 = tw |
Nm\E 8°6 = ;5/33 272¢ = :Ta BY g%°0 = q1 | Wwogso =331 wep"g =ut | S/w g¥°0 = Y/ |
-K1dde jou saazbap 9 :a1huy UOT3O00ITPOA *9
S90pP BTIIITIO UMOPMOTS STOTURA
ay3 ‘seueT OTFFeIl jusoelpe autod pearsep .
8Y3} UT 3IS9X 03 JWOD IO IPNIJUT 30 weax3sumop 33 1 S x4 w/Tu 0719 1Ten3oy
q0U PTP ITOTUPA U3 osneseqd £ uot3oes ‘uedspTH .52 y/1w 0°09 psuueld
*s92169p 9 pue Y/TU 6°LE TWSTIESTT (e) a1buY P39as i3oedur  -g
3e TTeapienb syy Aq pe3zoaITpsx . 5
ATy3oous sem S79TUS, : . pouteI3sey ‘3was IsHuessed
b ToTusA UoTSNIaU0D S3Tnseyd IS €1 pauTeRI}SVIUN ‘Jess IVATAQ suoT3eo0T uednddo bk 2
(33-d71% ¥IT 03 gg :oads) , z .
33-dTX 6°88 TeTTs AT areu ‘aTTiusntad u3os
) 4 ’ ! fuung otydaowmodoayiuy :Tepon 3uednooo °g
A3t .
31a9A9s Joedur zt oM, :sauednooQ 3O JsqUnN -z
ot rI9qUNN 3SDL 0£Z J¥H: .
o b 059V SZEY :Ten3ov
(evzzr 3VS) 00€ F 00G¥ 00z ¥ 00S¥ ipauuetd
EMIIITO 1X3pul sHeweqg 2[OTYSA 0T
§8615 T310U N 13yBTOM BTOTUIA 1
S-q1 568% eburyd WNIUBWOW TeIOL “6
- *ITemMpIend 9ATIQ
(s/3z e6*€€) u/Tu 1°¢gT raburyp peeds Te3ol -g auTTAYS 03 IelTuls 3ybray sx0d
ut-0z ‘ybTy UT LT ‘ePTM 33 T ‘Buol
{s/33 9°SS) Y/TW 6°LE :peads uUoT3IOBATPIY L a3 06 ‘TTempaens AIuosey 8uols ybnoy iuoT3zRINDTIIUCD 32TAQ
Kang uexs yznowdid 1867 :9TOTYSA IS8T
4 .09 ‘aesTd sI8YIedy
8867 AeW €T ra3eq

DEE s

¥ ¢l

¥

T.lc sz

90



Figure 48.

Posttest photographs
test 1818-5-88.
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Figure 49.

Posttest photographs of guardwall systen,
test 1818-5-88.
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Figure 52.

Pretest photographs of guardrail systen,
test 1818-5-6-87.
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vehicle weight was 4500 * 300 1lb (2043 + 136 kg). The gross
weight of the vehicle was 4654 1lb (2113 kqg).

X-, y- and z-axis accelerometers were mounted in the car along
with roll and yaw rate gyros. Two fully-instrumented dummies
were placed in the vehicle in the driver seat, unrestrained and
in the passenger seat, restrained. The dummy instrumentation
consisted of x-, y- and z-axis accelerometers in the head and
chest and load cells in the legs. Pretest photographs of the
test vehicle are shown in figure 53.

c. Impact Description

Review of the high-speed movie films, fifth wheel and speed trap
data indicated that the test vehicle impacted at 62.4 mi/h (27.9
m/s) and 24.4 degrees. This review also indicated that the left
corner of the vehicle impacted the rail at the desired point.

During the crush of the vehicle left front fender, posts 5 and 6
pushed back allowing the vehicle tire to ride under the rail.

The car pocketed the fifth rail and snapped the timber rail (but
not the steel backup plate) approximately 4 ft (1.22 m) from post
6. The left front tire grazed post 6 and sheared off 0.5 in
(0.013 m) of wood material. Due to the considerable pocketing of
the rail, the vehicle was redirected at an angle of 10 degrees.
The vehicle remained in contact with the rail for 25 ft (7.6 m)
before the vehicle was redirected from the system. The vehicle
continued past the end of the system and came to rest 50 ft (15.3
m) from the end of the system.

Tire marks were found on the underside of rails 4 and 5 and on
the front face of posts 5 and 6.

After the test, the static rail height was 31 in (0.79 m) at post
5 and 32 in (0.81 m) at post 6. The rail was lifted 4 to 5 in
(0.10 to 0.13 m) when the posts pushed back and the vehicle tire
rode under the rail.

Inside the vehicle, it was observed that the unrestrained
driver’s head collided with the outside edge of the A-pillar.
The restrained passenger did not impact the windshield.

A summary of the test conditions and results is given in figure
54. Data analysis was performed and the vehicle x-axis and y-
axis, 100 Hz acceleration traces are shown in figure 55.

d. Dummy Data Analysis

Dummy data analysis was performed. The dummy data was digitized
at 8000 Hz and processed to computed the required parameters.
Table 16 lists the dummy head, chest and femur parameters.

During the test, the passenger dummy cable broke and no passenger
data values are reported.
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Figure 53.

Pretest photographs of test vehicle,
test 1818-5-6-87.
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Figure 55. Vehicle acceleration, test 1818-5-6-87.
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Table 16. Dummy parameters, test 1818-5-6-87.

Driver Passenger

Head
HIC 214 n/a
Start time 0.137125 n/a
End time 0.267125 n/a
Time duration 0.130000 n/a
Chest
csI 130 n/a
0.003 s Chest

Acceleration 22.4 n/a
Time 0.141000 n/a
Femur
Right Load 291 n/a
Left Load 1087 n/a

e. Vehicle Damage

Vehicle damage occurred mainly to the left front fender, grill
bumper, and suspension/steering. The front left wheel was
damaged from post snagging causing the tire to deflate. The
driver side door was wedged outward. The windshield and the
drivers side window glass were shattered. Posttest photographs
of the vehicle are shown in figure 56.

f. Guardrail Damage

Damage to the guardrail system was minimal. The 6 in by 10 in
(0.15 m by 0.25 m) timber part of the fifth rail snapped due to
pocketing of the vehicle. There was a 16 in (0.41 m) long crack
at the trailing end of rail 4. This crack was mostly cosmetic.

A 0.5-in (0.013-m) strip of wood was torn off the front corner of
post 6. The blockout of post 6 was cracked throughout its entire
length. Posttest photographs of the guardrail are shown in
figure 57.

7. TEST 1818-7-88
a. Test Device

The test device was an artificial stone, precast concrete median
barrier. The barrier was 27 in (0.69 m) high with a 1-in (0.03-
m) capstone overhang. The barrier was 100 ft (30 m) long,
consisting of 10 10-ft (3.0-m) sections. The sections were cast
by MG Architectural Products. The sections were placed on a 6-in
(0.15-m) layer of packed crusher run. Two of the sections
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Figure 56.

Posttest photographs of test vehicle,
test 1818-5-6-87.
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Figure 57.

Posttest photographs of guardrail system,
test 1818-5-6-87.
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featured the original square keyway design while the rest had the
current round pin and socket design. The sections were shaped
like an upside-down T with a base that was 3.5 ft (1.07 m) wide
and 1 ft (0.30 m) thick. The stone-like part of the barrier rose
27 in (0.69 m) above the base.

A 3.5-in (0.09-m) mountable curb and gutter and a shoulder was
installed for this test. From the roadway, there was 13 ft (4.0
m) of a 2 percent downslope leading into the 2.5-ft (0.76-m)
wide, 3.5-in (0.09-m) high mountable curb and gutter. Between
the curb and face of the wall was 10.5 ft (3.2 m) of a 2 percent
upslope.

Figure 58 shows the test site and test device. Figure 59 shows a
detailed drawing of the test device. Figure 60 shows pretest
photographs of the median barrier system.

b. Test Vehicle

The test vehicle was a 1982 Honda Civic. The target inertial

vehicle weight was 1800 * 50 1b (817 * 23 kg). The inertial
weight of the vehicle was 1796 1lb (815 kg). The target gross
vehicle weight was 1950 * 50 1lb (885 * 23 kg). The gross weight

of the vehicle was 1958 1b (889 kg).

X-, y- and z-axis accelerometers were mounted in the car along
with roll and yaw rate gyros. One uninstrumented dummy was
placed in the vehicle in the driver seat, restrained. Pretest
photographs of the test vehicle are shown in figure 61.

c. Impact Description

Review of the high-speed films, fifth wheel data and speed trap
data indicated that the test vehicle impacted the barrier at 61.3
mi/h (27.4 m/s) and 21 degrees. This review also indicated that
the left corner of the vehicle impacted the median barrier
approximately 3 ft (0.92 m) upstream of the straight line impact
path. This occurred because the curb caused the vehicle to turn
slightly.

Prior to impact, the vehicle rolled slightly while traversing the
shoulder, curb and gutter.

Upon impact, the front of the vehicle was deformed and pushed
inward. The left front of the vehicle continued to crush until
the vehicle A-pillar contacted the barrier. The vehicle the
yawed around and exited the wall. The vehicle remained in
contact with the wall for approximately 15 ft (4.6 m). The
vehicle was redirected at 41.0 mi/h (18.3 m/s) and 5 degrees.
After exiting the wall, the vehicle rolled toward the driver side
and pitched downward. The vehicle came to rest 150 ft (46 m)
downstream of the impact point, 3 ft (0.92 m) behind the line of
the barrier.
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Figure 60.

Pretest photographs of median barrier systen,
test 1818-7-88.
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Figure 61.

e

Pretest photographs of test vehicle,
test 1818-7-88.
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Inside the vehicle, it was observed that the dummy hit the driver
side window but remained in its seat. The dummy came to rest
upright.

A summary of the test conditions and results is given in figure
62. Data analysis was performed and the vehicle x-axis and y-
axis, 100 Hz acceleration traces are shown in figure 63.

d. Vehicle Damage

Vehicle damage occurred mainly to the left side and front of the
car. The left front fender, grill, bumper, drivers door, vehicle
steering suspension were damaged significantly. Posttest
photographs of the vehicle are shown in figure 64.

e. Median Barrier Damage

This barrier performed well. The vehicle was redirected. Some
light marring of the concrete occurred at the impact point. The
barrier showed no permanent deformation. Posttest photographs of
the median barrier are shown in figure 65.

8. TEST 1818-8-88

a. Test Device

The test device was a blocked-out, steel-backed wood guardrail
system. This system was previously evaluated with a full-sized
vehicle impacting at 60 mi/h (26.8 m/s) and 25 degrees in test
1818-5-6-87. The rail backing plates were attached to the rail
with 12 0.625-in (0.016-m) lag screws. The ends of the rails
were through-bolted to a 3-ft by 6-in by 0.375-in (0.66-m by
0.15-m by 0.010-m) splice plate with five 0.625-in (0.016-m)
carriage bolts. The splice plate was bolted to the post with one
0.625-in (0.016-m) carriage bolt. A 4.75-in (0.12-m) plate
washer was used on the backside of the splice plate bolt. The
washer was set into a 5-in (0.13-m) diameter, 1.5-in (0.04-m)
deep recess. The rail height was 27 in (0.69 m) and the post was
embedded 58 in (1.47 m).

Figure 66 shows the test site and test device. Figure 67 shows a
detailed drawing of the guardrail system. Figure 68 shows
pretest photographs of the guardrail system.

b. Test Vehicle

The test vehicle was a 1982 Honda Civic. The target inertial

vehicle weight was 1800 * 50 1lb (817 * 23 kg). The inertial
weight of the vehicle was 1812 1lb (823 kg). The target gross
vehicle weight was 1950 * 50 1b (885 * 23 kg). The gross weight

of the vehicle was 1994 1lb (905 kqg).

X-, y- and z-axis accelerometers were mounted in the car along
with roll and yaw rate gyros. One uninstrumented dummy was

108




*88-/.-8T8T 23seo3x ‘Axeumns 3s9] 29 2anbTd

S-N G7'% = 09s-q) | s/u 0§70 = S/34 | w-N §6EL = 34-d1y | N OSyy = diy | woe09L = Lw |
S/ 86 = 5/33 2°2E = Bu | 6% 6770 =q1 | wegto =3l wgpto = Ul | s/w §y°0 = y/iu |
-A1dde j0u s®OpP TIIITAD (33-dIX 6Z 03 £z :oeds) (4
uMOpMOTS @TOTUSA U3 ‘sauef 33-d7X 0°62 TeuTE A
orjjex3 jusdoelpe sy3 uy 3sex 4
031 2WOO IO VPNAIUT 3JOU PIP . .
21o7YaA 9Yy3 esneoeg -sooxbap 143729495 IoRdWI  *ZT
S pue Y/fm 0'I1y 3% Tlea 8yl . .
Aq pe3oeaipex sem STOTYDA IUOTSNTOUOD S3ITNSAY 3ISBL bl £1s FX0qUMN 3IFBL 0€Z JUHON “TT
(vyzZL0 Z¥S)
¢<M<MMMW.<.<.<.<.¢.<.<.<.<.<.¢.¢.<.<.<.¢ s.6 ¢ 91— 1Rz TMIITTT 1Xopul sbevueqg STOTUSA 0T
YLYLYLY b g g1~ 1eutpnaThu
v v u 2y ATV RN s.b etz “:Ouunuoﬂowwuamsvwm “Mwm sS-qT ZI8T 1ebuvyd WNIUSWOK TRIOL ‘6
STETSET (s/33 8°67) u/tm €702 iebueyd peeds teiol g
(s/33 T°09) W/T4 0°T¥ :peads uoOT300ITPAY L
s,b 0z/s1 8,6 0°Z1~ IUOTIRIDTOODY UMOPIPTYH . .
8/33 0€/0z  S/33 9°Sz- (1en3o®) 33 S0 I® A-®ITeQ seoibep ¢ :0Tbuy uoT3IcRITPRY 9
uyod paiTsd
s,6 0z/s1 8,6 0°9- $UOTIRISTEOOY UMOPOPTH uou hnuuuummm uuvn 1z /Tu €719 :Ten3oY
s/33 ot/oz /33 £-ot- 333 T 3R A-R3TQ y uoyioes ‘uedspIA .0z u/1u 009 tpauuRTd
:Tez03W] WTIWSTT e o1BUY pIsas :3owduy .g
s.6 02/51 5.5 g z- 1UOTIRISTEOOY UMOPSPTH pautRIISHY ‘Jrves IVATIQ iuoy3zeoor uwdndog .y
s/33 ov/0¢ 8/33 £°vZ- :{Ten3ov) 33 SL°T 3I° A-¥3ITBQ eTex ‘ayT3uddzad u30§
’ . .
s.B 02/5T s.b 8 2~ {UOTAVIBTEODY UMOPBPTA Awung  21ydaomodoxyiuy :TPPOH 3urdnong £
U] $T s/33 ov/0¢ §/33 8 ¥z~ $37 T A% A-e3Teq ouo :83uednose o 1equny -z
:TeutpniTbuo] 856T 96LT :TRN30Y )}
3T IYON 0S ¥ 0561 0S ¥ 0081 ipouurid o
. 35015 TeTII5UT 3537 : . —
FOTeA WY1 BIATSSE0 :sysATeuv 8IOTUSA  “€1 3ubjes eTotuda T
/ubtsag +110o8 8dL3 uni
2oysnad pexord JO UOTIRPUNOZ UO 38S
cubtsep Aemley 39x00s
pue utrd punox ‘suoj3o’ds 33-0T 0T
«bueyieso suozsdes ut-1 ‘ybry ur
LT ’'BuUoT 3 00T ‘IXPYIIRd URTPOK BUOIS
~YJO0RWS ‘839IJUOD-IERD ‘TRIDIFTIIV IUOTIRANDTIUOD VOTARG
OTATD ©PUOH Z86T 19IOTYPA 3ISIT
d .0v ‘aeard 1I8YyarIM
88617 Asquedaq T 1e3eq
Y s8
) 3
fﬂﬂ“t/ >
‘Qv
a3Nddv SaxvHg




Acceleration (g's)

Acceleration (g's)

Vehicle X—Axis Acceleration — 100 Hz
1818—7—88
20
10 -
0 A A A ~p oA [\ Sy A A
Ay y\ VW\N’\/\\]\/ ATV AT e A
Peak 50 msec
—20 —12.32 g's
—40 T T T T T T T T T
—-0.2 0 0.2 0.4 0.6 0.8
Time (Seconds)
Vehicle Y—Axis Acceleration — 100 Hz
1818—7—88
20
10 —
0 DN N A /\’V\ pora, Aa A\
J VWV\'J 'W AT T o
Peak 50 msec
—30 — —16.29 g's
—40 T T T T T T T T T
-0.2 o} 0.2 0.4 0.6 0.8

Time (Seconds)

Figure 63. Vehicle acceleration, test 1818-7-88.
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Figure 64.

Posttest photographs
test 1818-7-88.
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Figure 65.

Posttest photographs of median barrier system,
test 1818-7-88.
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Figure 68. Pretest photographs of guardrail systenm,

test 1818-8-88.
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placed in the vehicle in the driver seat, restrained. Pretest
photographs of the test vehicle are shown in figure 69.

c. Impact Description

Review of the high-speed films, fifth wheel data and speed trap
data indicated that the test vehicle impacted the guardrail at
63.5 mi/h (28.4 m/s) and 20 degrees. This review also indicated
that the left corner of the vehicle impacted the guardrail at the
desired point.

Upon impact, the front of the vehicle was deformed and pushed
inward. The left front of the vehicle continued to crush until
the vehicle A-pillar contacted the guardrail. The vehicle yawed
around and began to exit the rail. The vehicle remained in
contact with the rail for approximately 20 ft (6.1 m). The
vehicle rode under the rail for approximately 18 ft (5.5 m) ,
beginning 2 ft (0.61 m) past impact. The front face of the rail
showed contact for 15 ft (4.6 m) beginning at impact. There was
tire scrub on posts 5 and 6. The vehicle was redirected at 37.8
mi/h (16.9 m/s) and 5.5 degrees. After exiting the rail, the
vehicle began to yaw counterclockwise as it continued downstrean.
The vehicle came to rest 115 ft (35 m) downstream of the impact
point, 3 ft (0.92 m) behind the line of the guardrail after
yawing approximately 105 degrees in reference to the rail.

Inside the vehicle, it was observed that the dummy broke the
driver side window. The dummy then fell into the passenger seat
and came to rest in its seatbelt leaning into the passenger seat.

A summary of the test conditions and results is given in figure
70. Data analysis was performed and the vehicle x-axis and y-
axis, 100 Hz acceleration traces are shown in figure 71.

d. Vehicle Damage

Vehicle damage occurred mainly to the left side of the car. The
left front fender, grill, bumper, and drivers door were damaged
significantly. Posttest photographs of the vehicle are shown in
figure 72.

e. Guardrail Damage

This guardrail performed well. The vehicle was redirected.

There was tire scrub on the front of post 5 and the front and
side of post 6. Post 6 was impacted by the vehicle front wheel.
The bottom of the rail showed tire scrub for 18 ft (5.5 m) (from
2 ft (0.61 m) past impact to midspan of rail 6). The rail at
post 5 was pushed back approximately 8 in (0.20 m) dynamically
and 5 in (0.13 m) statically and was pushed up approximately 5 in
(0.13 m) dynamically and 2.5 in (0.06 m) statically. A portion
of the push back and lift were actually rail and splice twist.
Posttest photographs of the guardrail are shown in figure 73.

116




Figure 69.

Pretest photographs of test vehicle,
test 1818-8-88.
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Figure 71. Vehicle acceleration, test 1818-8-88.
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Figure 72.

Posttest photographs of test vehicle,
test 1818-8-88.
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Figure 73.

Posttest photographs of
test 1818-8-88.
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9, TEST 1818-9-90
a. Test Device

The test device was the 32-in (0.81-m) Baltimore-Washington
Parkway, smooth stone masonry bridge rail. The bridge rail
consisted of masonry 27 in (0.69 m) high, 9 in (0.23 m) thick
placed in front of a concrete wall of the same dimensions cast
with the simulated bridge deck. Cap stones 5 in (0.13 m) thick
and 20 in (0.51 m) wide were placed on the top of the masonry and
concrete. The cap stones were 2 ft (0.61 m) and 3 ft (0.92 m)
long laid randomly. The 20-in (0.51-m) width provided a 1-in
(0.03-m) overhang on the front and back of the bridge rail. Each
cap stone was anchored to the concrete wall with two 10-in (0.25-
m) long, 0.75-in (0.019-m) diameter rebar pieces, epoxy grouted
to the wall and capstone.

The masonry portion of the bridge rail (face stones and cap
stones) was approximately 80 percent North Carolina granite and
20 percent Maryland native mnica.

The concrete portion of the bridge rail was 75 ft (23 m) long and
was located at the edge of a cantilevered concrete deck attached
to a rigid, simulated support structure. The concrete deck and
concrete wall were built to FHWA and NPS specifications. Epoxy-
coated rebar was used throughout. Lateral deck bars were set on
6-in (0.15-m) centers. FHWA 4000 lb/in? (27560 kPa) class D(AE)
concrete was used for the deck and wall.

The bridge rail was 75 ft (22 m) long. Figure 74 shows the test
site and test device. Figure 75 shows a detailed drawing of the

bridge rail system. Figure 76 shows pretest photographs of the
bridge rail systen.

b. Test Vehicle

The test vehicle was a 1981 Plymouth Gran Fury. The target

inertial vehicle weight was 4500 * 200 1b (2043 % 91 kg). The
inertial weight of the vehicle was 4377 1b (1987 kg). The target
gross vehicle weight was 4500 % 300 1b (2043 + 136 kg). The

gross vehicle weight was 4694 1lb (2131 kg).

X-, y- and z-axis accelerometers were mounted in the car along
with roll and yaw rate gyros. Two uninstrumented dummies were
placed in the vehicle in the driver seat, restrained and in the
passenger seat, restrained. Pretest photographs of the test
vehicle are shown in figure 77.

c. Impact Description
Review of the high-speed films, fifth wheel and speed trap data
indicated that the test vehicle impacted at 60.4 mi/h (27.0 m/s)

and 25 degrees. This review also indicated that the right corner
of the vehicle impacted the bridge rail at the desired point.
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Figure 76.

Pretest photographs of bridge rail system,
test 1818-9-90.
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Figure 77.
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Pretest photographs of
test 1818-9-90.
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Upon impact, the front of the vehicle was deformed and skewed
toward the non-impact side. The vehicle continued to crush until
the A-pillar contacted the bridge rail. The vehicle then yawed
around, the end of the vehicle slapped against the bridge rail
and the vehicle exited the bridge rail. The vehicle remained in
contact with the bridge rail for approximately 15 ft (4.6 m).

The vehicle was redirected at 42.6 mi/h (19.0 m/s) and 3 degrees.
The vehicle came to rest 100 ft (30 m) downstream of the end of
the bridge rail, 43 ft (13.1 m) behind the front face, after
turning and yawing 175 degrees from the angle of the bridge rail.

Upon impact, the driver dummy fell into the passenger seat, held
by the seat belt. The passenger dummy’s head shattered the
passenger side window and the dummy bent the passenger side door.
The passenger dummy’s head and shoulders were outside of the
window during the entire impact event. The driver dummy came to
rest upright and the passenger dummy came to rest leaning on the
driver.

A summary of test conditions and results are shown in figure 78.
Data analysis was performed and the vehicle x-axis and y-axis,
100 Hz acceleration traces are shown in figure 79.

d. Vehicle Damage

Damage occurred to the grill, front bumper, hood and entire right
side of the vehicle. The passenger side door was pushed out due
to the impact of the passenger dummy. Posttest photographs of
the vehicle are shown in figure 80.

e. Bridge Rail Damage

The bridge rail showed only minor scuffing for the 15 ft (4.6 m)
that the vehicle was in contact. Other than this scuffing, there
was no damage to the bridge rail. Posttest photographs of the
bridge rail are shown in figure 81.

l10. TEST 1818-12-88

a. Test Device

The test device was an artificial stone, précast concrete median
barrier. The device for this test was described earlier in this
section (see subsection 7 - test 1818-7-88).

Figure 82 shows the test site and test device. Figure 83 shows a
detailed drawing of the median barrier system. Figure 84 shows
pretest photographs of the median barrier system.

b. Test Vehicle

The test vehicle was a 1981 Plymouth Gran Fury. The target

inertial vehicle weight was 4500 * 200 1b (2043 * 91 kg). The
inertial weight of the vehicle was 4356 1b (1978 kg). The target
127
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Vehicle acceleration, test 1818-9-90.
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Figure 80. Posttest photographs of test vehicle,

test 1818-9-90.
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Figure 81.

Posttest photographs of bridge rail
test 1818-9-90.
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Figure 84. Pretest photographs of median barrier system,
test 1818-12-88.
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gross vehicle weight was 4500 * 300 1b (2043 * 136 kg). The
gross weight of the vehicle was 4656 1lb (2114 kg).

X-, y- and z-axis accelerometers were mounted in the car along
with roll and yaw rate gyros. Two uninstrumented dummies were
placed in the vehicle in the driver seat, restrained and in the
passenger seat, restrained. Pretest photographs of the test
vehicle are shown in figure 85.

c.. Impact Description

Review of the high-speed films, fifth wheel data and speed trap
data indicated that the test vehicle impacted the barrier at 61.5
mi/h (27.5 m/s) and 25 degrees. This review also indicated that
the left corner of the vehicle impacted the median barrier 6 in
(0.15 m) downstream of the desired impact point.

Prior to impact, the vehicle rolled approximately 10 degrees
while traversing the shoulder, curb and gutter.

Upon impact, the front of the vehicle was deformed and skewed
toward the non-impact side. The hood came open as the front of
the car deformed. The left front of the vehicle continued to
crush until the vehicle A-pillar contacted the barrier. The
vehicle then yawed around and exited the wall. The vehicle
remained in contact with the wall for approximately 15 ft (4.6
m). The vehicle was redirected at 37.6 mi/h (16.8 m/s) and 1
degree. The vehicle came to rest 170 ft (52 m) downstream of the
impact point, 10 ft (3.0 m) behind the line of the barrier.

During the impact, the impact section of the wall and the next
section downstream rotated back out of the line of the barrier
approximately 3 in (0.08 m).

Inside the vehicle, it was observed that the dummies moved around
but remained in their seats. The passenger fell into the lap of
the driver. The dummies came to rest leaning toward and against
each other.

A summary of the test conditions and results is given in figure
86. Data analysis was performed and the vehicle x-axis and y-
axis, 100 Hz acceleration traces are shown in figure 87.

d. Vehicle Damage

Vehicle damage occurred mainly to the left side and front of the
car. The left front fender, grill, bumper, drivers door, vehicle
steering suspension were damaged significantly. Posttest
photographs of the vehicle are shown in figure 88.

e. Median Barrier Damage

This barrier performed well. The vehicle was redirected. During
the impact, the impact section and the next section downstream
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Figure 85. Pretest photographs of test vehicle,
test 1818-12-88.
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Figure 87. Vehicle acceleration, test 1818-12-88.
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Figure 88.

Posttest photographs of test vehicle,
test 1818-12-88.
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rotated back out of the line of the barrier approximately 3 in
(0.08 m). Statically, the sections were also pushed back
slightly. The maximum push back occurred at the section joint
downstream of impact and was measured to be 3 in (0.08 m).
Posttest photographs of the median barrier are shown in figure

89.
11. TEST 1818-14-88
a. Test Device

The test device was a low-speed design of a steel-backed, wood
guardrail system. The posts were 10-in by 12-in by 7-ft (0.25-m
by 0.30-m by 2.1-m) Southern Pine set at 10-ft (3.0-m) spacing
with 6-in by 10-in by 10-ft (0.15-m by 0.25-m by 3.0-m) rails.
The rails were backed by 6-in by 0.375-in (0.15-m by 0.010-m)
steel plates. These plates were attached to the rail with 12
0.625-in (0.016-m) lag screws. The ends of the rails were
through-bolted to a 3-ft by 6-in by 0.375-in (0.92-m by 0.15-m by
0.010-m) splice plate with 5 0.625-in (0.016-m) carriage bolts.
The splice plate was bolted to the post with one 0.625-in (0.016-
m) carriage bolt. A 4.75-in (0.12-m) plate washer was used on
the backside of the splice plate bolt. The washer was set into a
5-in (0.13-m) diameter, 1.5-in (0.04-m) deep recess. There was
no blockout between the post and the rail assembly. The rail
height was 27 in (0.69 m) and the post was embedded 58 in (1.47

m) .

Figure 90 shows the test site and test device. Figure 91 shows a
detailed drawing of the guardrail system. Figure 92 shows
pretest photographs of the guardrail system.

b. Test Vehicle

The test vehicle was a 1981 Plymouth Gran Fury. The target
inertial vehicle weight was 4500 * 200 lb (2043 * 91 kg). The
inertial weight of the vehicle was 4302 1lb (1953 kg). The target
gross vehicle weight was 4500 * 300 lb (2043 * 136 kg). The
gross weight of the vehicle was 4632 1lb (2103 Kkg).

X-, y- and z-axis accelerometers were mounted in the car along
with roll and yaw rate gyros. Two uninstrumented dummies were
placed in the vehicle in the driver seat, restrained and in the
passenger seat, restrained. Pretest photographs of the test
vehicle are shown in figure 93.

c. Impact Description

Review of the high-speed movie films and fifth wheel data
indicated that the test vehicle impacted at 51.1 mi/h (22.8 m/s)
and 25 degrees. This review also indicated that the right corner
of the vehicle impacted the guardwall 1 ft (0.30 m) upstream of
the desired point.
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Figu

re 89.

Posttest

photographs of median barrier system,
test 1818-12-88.
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Figure

92.

Pretest photographs of
test 1818-14-88.
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Figure 93.

Pretest photographs of test
test 1818-14-88.
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Upon impact, the front of the vehicle was deformed. The left
front tire became wedged under the rail and was torn off in the
impact with post 5 when post 5 rotated after the impact, the rail
rose above the standard height. It is felt that the car getting
under the rail caused the rail to rise and not the converse. The
vehicle then yawed around and exited the rail. The vehicle
remained in contact with the rail for approximately 15 ft (4.6
m). The vehicle was redirected at a speed of 24.8 mi/h (11.1
m/s) and at an angle of 8 degrees. The vehicle came to rest 155
ft (47 m) downstream of the impact point, 35 ft (11 m) behind the
line of the guardrail.

Inside the vehicle, it was observed that the dummies moved around
slightly but remained in their seats. The passenger fell into
the lap of the driver but came upright again. The dummies came
to rest leaning toward and against each other.

A summary of the test conditions and results is given in figure
94. Data analysis was performed and the vehicle x-axis and y-
axis, 100 Hz acceleration traces are shown in figure 95.

d.. Vehicle Damage

Vehicle damage occurred mainly to the left side and front of the
car. The left front fender, grill, bumper, drivers door, and
vehicle steering suspension were damaged significantly. The left
front wheel was turn off in the impact with post number 5. No
vehicle glass was broken during the impact. Posttest photographs
of the vehicle are shown in figure 96.

e. Guardrail Damage

This guardrail performed adequately. The vehicle getting under
the rail caused the rail to rise. The left front wheel of the
vehicle was torn from the car in the impact with post 5. Posts 4
and 6 were pushed back 1 in (0.03 m) and post 5 was pushed back 5
in (0.13 m). Posttest photographs of the guardrail are shown in
figure 97.
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Figure 95. Vehicle acceleration, test 1818-14-88.
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Figure 96.

Posttest photographs of test vehicle,
test 1818-14-88.
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Figure 97.

Posttest photographs of guardrail system,
test 1818-14-88.
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CONCLUSIONS

The following conclusions are based on the findings of this
research project. They are divided by test article type.

1. STEEL-BACKED, WOODEN GUARDRAIL SYSTEM

a. The standard steel-backed, wooden guardrail system (8-in by
10-in by 5-ft, 8-in (0.20-m by 0.25-m by 1.73-m) posts) was
proven inadequate during an 1800-1lb (817-kg) vehicle test. Two
iterations of redesign developed new alternatives.

b. The first redesign featured 8-in by 10-in by 7-ft (0.20-m by
0.25-m by 2.1-m) posts. This system was proven inadequate during
a 4500-1b (2043-kg) vehicle test.

c. The second redesign featured 10-in by 12-in by 7-ft (0.25-m
by 0.30-m by 2.1-m) posts, embedded 58 in (1.47 m). This design
was successfully tested with an 1800-1b (817-kg) vehicle at 20
degrees and 60 mi/h (26.8 m/s) and a 4500-1b (2043-kg) vehicle at
25 degrees and 60 mi/h (26.8 m/s). These tests met all NCHRP 230
evaluation criteria.

d. Pendulum tests conducted indicated that increasing the
embedment depth of the standard post by 10 in (0.25 m) (52 in vs.

42 in (1.32 m vs. 1.07 m), a 24 percent increase) increased the
maximum force from 15.5 kips (68975 N) to 21 kips (93450 N) (a 35
percent increase). This indicates that the longer post is more

able to utilize the strength of the post/soil system.

e. The low-speed design of the steel-backed, wooden guardrail
was tested with a 4500-1b (2043-kg) vehicle at 25 degrees and 50
mi/h (22.4 m/s). This test met all evaluation criteria.

2. ROUGH STONE MASONRY GUARDWALL SYSTEM

The rough stone masonry guardwall with an 18-in (0.46-m) core
height was found to be unacceptable when tested with a 4500-1b
(2043-kg) vehicle at 60 mi/h (26.8 m/s) and 25 degrees. Analysis
indicated that shifting the precast core up in the wall to a 20-
in (0.51-m) height (maintaining a 27-in (0.69-m) wall height)
would strengthen the wall. This change would utilize the added
strength of the core to contribute to the strength of the system.
This was confirmed during testing. The test conducted on the 20-
in (0.51-m) core height wall with the 4500-1b (2043-kg) vehicle
at 25 degrees and 60 mi/h (26.8 m/s) met all NCHRP 230 evaluation
criteria.

3. ARTIFICIAL STONE, PRECAST CONCRETE MEDIAN BARRIER SYSTEM
a. The tests conducted on this system (4500-1b (2043-Kkg)

vehicle, 25 degrees, 60 mi/h (26.8 m/s) and 1800-1b (817-kg)
vehicle, 20 degrees, 60 mi/h (26.8 m/s)) met all NCHRP 230
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evaluation criteria. These tests also featured the 3.5-in (0.09-
m) mountable curb. The trajectory of the small car was altered
slightly by the curb. The vehicle impacted approximately 3 ft
(0.92 m) upstream of the desired point. This did not affect the
results of the test. The large vehicle test was not affected.

b. The use of this barrier in place of the actual stone masonry
median barrier could result in a great saving of time, labor and
money.

c. However, installation of this barrier was somewhat difficult.
Each section was cast upside-down and the true bottom of the
section was screed to form a flat surface. However, this surface
was not uniformly flat. To place and level the sections required
repeated grading and smoothing of the crusher run base. A
solution to this problem is required before mass production of
this barrier.

4. SMOOTH STONE MASONRY BRIDGE RAIL SYSTEM

The 32-in (0.81-m) Baltimore-Washington Parkway, smooth stone
masonry bridge rail was tested with a 4500-1b (2043-kg) vehicle
at 25 degrees and 60 mi/h (26.8 m/s). This test met all NCHRP
230 evaluation criteria.

5. REMOVABLE GUARDRAIL SYSTEM

Designs were developed for the Removable Guardrail system for use
in Glacier National Park. Seven post attachment methods and four
rail attachment methods were developed and drawn. Any
combination of these methods should be successful for the
implementation of this design.
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RECOMMENDATIONS

1. STEEL-BACKED, WOODEN GUARDRAIL SYSTEM

This system showed acceptable performance during testing,
following the redesign efforts. This system should be
implemented for new service locations.

2. ROUGH STONE MASONRY GUARDWALL SYSTEM

The 20-in (0.51-m) core height guardwall was successfully tested
and should be implemented for new service locations.

3. ARTIFICIAL STONE, PRECAST CONCRETE MEDIAN BARRIER SYSTEM

This system showed acceptable performance. However, before
implementation, a solution to the non-level bottom problem is
required. The manufacturing quality control specifications for
the sections must be tightened.

4. SMOOTH STONE MASONRY BRIDGE RAIL SYSTEM

This system showed acceptable performance during testing and
should be implemented on the Baltimore-Washington Parkway and in
other new service locations.

5. REMOVABLE GUARDRAIL SYSTEM

The designs for this system should be reviewed, modified, if
necessary, and acted upon. Designs were submitted to the FHWA
but comments were not received. Prototypes of the designs should
be manufactured and tested for ease of installation and removal.
The most promising designs should be refined, statically tested
and crash tested, if necessary.
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APPENDIX A - ANALYSIS OF VEHICLE OVERTURN DUE TO LATERAL LOADS

An analysis can be performed to determine the potential of
vehicle overturn due to the lateral force acting on the vehicle
by the guardrail. 1In this analysis, the impulse required to
rotate the vehicle to its critical roll angle is computed. The
critical roll angle is defined as the roll angle when the cg is
located directly above the pivot point of the vehicle. See
figure 98 for reference. First, assume the vehicle obtains a
angular momentum due to an impulse (Im) at time t = 0. This
momentum is just sufficient to raise the vehicle to the critical
roll angle, thus:

at t = 0: KE = 1/2 Ip (theta dot)?
PE = 0

at t = tg: KE = 0
PE = W (delta 2Z)

where KE and PE are the kinetic and potential energies and

(theta dot) = rotation rate (rad/sec)

I = mass moment of inertial about the pivot
W = vehicle weight

delta 2 = height change in cg

te = time to obtain critical roll angle

Setting the energies equal:
PEy + KEg = PE; + KEq
or
1/2 Ip (theta dot)2 = W (delta Z)

Substitute the expression I (theta dot) = Im (or theta dot =
Im/I7) into the equation, rearrange and solve for Im to obtain:

Im = [2(W) (delta Z) (Ip)]'/2 (1)
The equation was used to investigate a TTI bus test (TTI test
number 4798-12) where overturn occurred.®®’ Some approximations
were made because the direct data needed for the analysis was not
reported.

Find 2

From NCHRP 230, cg height (Z5) = 56 in (1.42 m). If the wheel
track is assumed to be 96 in (2.44 m), then the half track is 48
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in (1.22 m). When the cg is directly above the pivot point is
height is:

Zo = [562+482]1/2

[5440]V/2

i

73.8 in (1.87 m)

then
delta Z2 = Zo - Zo
= 73.8 - 56.0
= 17.8 in (0.45 m)
or = 1.5 ft
Find Igp

From NCHRP 230, Iyo]] = 23000 slug-ft? (31280 kg-m?) about the
cg. The mass moment of inertia about the pivot point is:

I + MQ?

I

23000 + (39,970/32.2) (73.8/12)2

69000 slug-ft? (93840 kg-m?)
Find Im required for critical angle
Using equation (1) for Im:

Im = 291000 l1lb-s-ft (123305 N-s-m)
This result can be compared to the actual measured impulse. The
film record presented in the report indicated approximately a 10
degree roll angle developed in 100 ms. This is a roll rate of

1.7 rad/s. Multiplying this by the mass moment of inertia at the
pivot point yields an estimate of the actual impulse, or

Imcactual) = (1-7)(69000)

117000 1lb-s-ft (158535 N-s-m)

It can be seen that the actual impulse exceeded the impulse
required to reach critical angle and thus the vehicle is likely
to roll over. '

Test results were required to perform this analysis but an
estimate of the actual impulse can be obtained from other
methods. One method is to directly compute the impulse from the
geometry of the rail and impact condition. In the case of the
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bus test, the impact angle was 15 degrees and an exit angle of 5
to 10 degrees could easily be expected. With a test speed of 60
mi/h (88 ft/s) (26.8 m/s), a lateral change in velocity of 34
ft/s (10.4 m/s) would be reasonable. The impulse lever arm can
be estimated by subtracting the effective height of the center of
the rail from the cg height of the vehicle. 1In this case, the
lever arm would be:

Lever arm (d) = 56 - 23

33 in (0.84 m)

It

or 2.75 ft
Now the impulse can be calculated by:
I =M (delta V) d

40000
= 222TS (34) (2.75
32,5 (34) )

I = 116000 lb-s-ft (157180 N-s-m)
This result is in agreement with the observed data taken from the

film. This method was employed in the analysis performed in this
project.
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APPENDIX B - LONGITUDINAL STRENGTH OF THREE CURRENT NPS GUARDRAIL
SYSTEMS

Design guidelines for guardrail systems require that they should
withstand 50 kip (222500 N) tensile loadings in the longitudinal
direction. This document presents analysis of three current NPS
guardrail systems in use or under design according to the
strength of the rail/splice plates and the bolted connections.
The three guardrail systems evaluated are the timber with steel
backed system used by EFLHD, the blocked-out and redesigned
timber with steel-backed system proposed by WFLHD, and the log
with steel-backed system proposed by WFLHD. The following pages
document the analysis of these systems.

l. STEEL-BACKED TIMBER GUARDRAIL

a. Strength of Rail and Splice
Material ASTM A588 (COR-TEN)
Sy = 50 ksi (344500 kPa)
Ssy = (0.577)(50) = 28.9 ksi (199121 kPa)
Rail Thickness = 0.375 in (0.010 m)
Splice Thickness = 0.25 in (0.006 m)

(1). Strength of Rail Plate

0.75-1n holes\ ‘
MENNNNEN
NN NENEE
- 6 in > T
1in=0.03m
Area = (6)(%) - (2)[(%)(%)] = 1.69 in2 (0.0011 m?2)
Sigma = i --> P = (A) (sigma)
P = (1.69)(50) = 84.4 kips (375580 N)

(2). Strength of Splice Plate

(Splice is 2/3 thickness of the rail plate)

P = (%)(84.4) = 56.3 kips (250535 N)

159



b. Bolted Connection

0.75-in diam holes
0.625-in diam bolts

1in=0.03m

Bolts: ASTM A325
Sy = 80 ksi (551200 kPa)
Ssy = 46.2 ksi (318318 kPa)

Bolts not torqued due to their installation through wood rail
face. No friction or preload exists.

(1). Bearing Failure of Bolt

(a). Rail Plate

sigma = %ﬁ% --> P = 3 td Sy

P = (3)(%)(%)(80 ksi) = 56 kips (249200 N)

(b). Splice Plate

(Splice plate is 2/3 thickness of rail plate)

P = (%)(56) = 37.3 kips (165985 N)

(2). Bearing Failure of Rail Plate

P = (3)(%)(%)(50 ksi) = 35 kips (155750 N)

(3). Bearing Failure of Splice Plate

il

P = (%)(35 kips) = 23.3 kips (103685 N)

(4). Shear of Bolts

Ssy = Eﬁl and A = Pi4 d)? = 0.31 in2 (0.0002 m?)
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p = (3)(Ssy) (Pi) (d)?
4

(3) (.31)(46.2) = 45.5 kips (202475 N)
(5). Tearout

(a). Rail Plate

2 tear lines/hole

A = {(2)[(4§)+(1§)]}(%) = 4.69 in? (0.0030 m2)

o
il

(A) (Ssy)

(4.69) (28.9)

= 135 kips (600750 N)
(b). Splice Plate

(Splice plate is 2/3 thickness of rail plate)

= (%)(135) = 90 kips (400500 N)

C. Summary

This bolted connection is controlled by bearing failure of the
splice plate and the rail plate, 23 and 35 kips (102350 and
155750 N) respectively. These are much lower than the rail unit
(68 kips (302600 N)) and this should be upgraded to make use of
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the rail material. It is also less than the 50 kip (222500 N)
tensile strength guideline for guardrail systems. The addition
of two more bolts or upgrading to four 0.75-in (0.019-m) bolts
will accomplish this requirement. Also the splice plate should
be changed to 0.375-in (0.010-m) thick material.

2, BLOCKED-~OUT, STEEL-BACKED TIMBER GUARDRAIL
a. Strength of Rail and Splice
Material ASTM A588 (COR-TEN)
Sy = 50 ksi (344500 kPa)
Ssy = 28.9 ksi (199121 kPa)
Rail Thickness = 0.375 in (0.010 m)
Splice Thickness = 0.375 in (0.010 m)

(1). Strength of Rail Plate

/0.8125—in holes\\ l
NVEAANNNNR QO.TS

Area = (6)(%) - (2)[(l§)(%)] = 1.64 in2 (0.0011 m?2)

P = (Sy)(A) = (1.64) (50 kips) = 82 kips (364900 N)

(2). Strength of Splice Plate

Same as rail = 82 kips (364900 N)

b. Bolted Connection

; \\\\&\\\N\\\\\\\

B

1in=0.03m

0.8125-1n diam holes
0.75-1n diam bolts

Bolts pass through wood rail, splice and rail plate. Since the
bolts can not be tightened to their proof load due to the wood,
the clamp load and friction are neglected in this analysis.
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(1).
(a).

(b).
Same

(2).

(3).
Same

(4).

(5).

Bolts: ASTM A325
Sy = 80 ksi (551200 kPa)
Ssy = (.577)(80) = 46.2
Rail Steel: Sy = 50 ksi (344500 kPa)
Ssy = 28.9 ksi (199.12 kPa)
Bearing Failure of Bolt
Rail Plate
sigma = %éé -=> P = 4(t) (d) (sigma)

P = (4)(3)(3) (80
8 4

Splice Plate
as in rail.

Bearing Failure

ksi) =

of Rail Plate

= 3y (3
P (4)(8)(4)(50

Bearing Failure

ksi) =

of Splice Plate

as rail plate.

Shear of Bolts

Ssy = P£4

las|
i

Ssv(4i(Pi)d2

81 kips (360

Tearout

and A =

= (46.2) (.44) (4)

450 N)

(Piid

2

NSl - Rl .

Epp ity o}

Ny
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where sigma = Sy

90 kips (400500 N)

56 kips (249200 N)

0.44 in2 (0.0003 m?)



(a). Rail Plate

a =3 - 13 = 219
32 32

t =3
8

2 tear lines: A = 2at = 1.95 in? (0.0013 m?)

P = (B) (Ssy) (4)

(1.95) (28.9) (4)
= 225 kips (1001250 N)

(b). Splice Plate
Same as rail.
c. Summary
The bolted connection is good for 56 kips (249200 N) which is
very similar to the rail tensile strength. The overall system of
rail and splices is good for 56 kips (249200 N), thus making the
overall system well designed.
3. STEEL-BACKED LOG GUARDRAIL
a. Strength of Rail and Splice

Material ASTM A588 (COR-TEN)

Sy = 50 ksi (344500 kPa)

Ssy = 28.9 ksi (199121 kPa)

Rail Thickness = 0.3125 in (0.008 m)
Splice Thickness = 0.375 in (0.010 m)
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(1). Strength of Rail Plate

0.875-in holes

/ N

1in=0.03m ["® 6 in - T
= 5) - 7y(5) = 1.33 in2 (0. 2
A (6)&8 (2)(8)&3 1.33 in2 (0.0009 m2)
P = (1.33)(50) = 66.3 kips (295035 N)

(2). Strength of Splice Plate

F = (66.3){(3/8) = 79.6 kips (354220 N)
(5/16)

b. Bolted Connection

e e )

\‘\%&\\\\\\\

PR

1.5-in by 0.8125~in slots

1in=0.03m 0.75-in diam bolts

Bolts: ASTM A325
Sy = 80 ksi (551200 kPa)
Ssy = 46.2 ksi (318318 kPa)

(1). Bearing Fajlure of Bolt

(a). Rail Plate

P = (4)(%2(3)(80 ksi) = 75 kips (333750 N)
1 4

(b). Splice Plate

P = (75)é§%§% = 90 kips (400500 N)
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(2). Bearing Failure of Rail Plate

= 5) (3 i) = '
P (4)(18(4)(50 ksi) = 47 kips (209150 N)

(3). Bearing Failure of Splice Plate

= 9)(3/8) = :
P = (46 9%5/13) 30 kips (133500 N)

(4). Shear of Bolts

Ssy = Eéi and A = (P%)dz = 0.44 in2 (0.0003 m?)

o
I

Ssy(4i(Pi)d2 = (46.2) (.44) (4)

81 kips (360450 N)

il

(5). Tearout

(a). Rail Plate

Ssy = P/4 and a=23- (3 =21
A 4
t = 5/16
2 tear lines
A = 2at = 1.41 in? (0.0009 m?)

g
i

(4) (Ssy) (A)

(4) (28.9) (1.41)

il

163 kips (725350 N)

(b). Splice Plate

P = (162){3/8) = 194 kips (863300 N)
(5/16)

leé




c. Summary
The weak link is the bearing failure of the rail plate but all

strengths are approximately 50 kips (222500 N) or above. This
design is considered to be overall good design.
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APPENDIX C - REMOVEABLE GUARDRAIL SYSTEM DESIGN DRAWINGS

The drawings for the designs discussed in task C, subsection 7 -
Removeable Guardrail System Design, are presented in this
appendix. The following tables list the drawing numbers and
titles.

Post to ground attachment concept drawing numbers.

Drawing Number Title
1818~B-15-() Slide Base
1818-B~-16 One Side Latch
1818-B-17-() Lug Lock
1818-B-18-() Pandrol Clip
1818-B-19 Dual Bolt Clip
1818-B-20 Key Lock
1818-B-25 Rotate Lock

Rail to post connection concept drawing numbers.

Drawing Number Title
1818-B-21-1 Pin Link
1818-B-21-2 Pin Link with
W10x15 backup
1818-B-21-3 Pin Link with
angle backup
1818-B-22 Vertical Pin
1818-B-23 Insert and Pin
1818-B-24 Slip Joint
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